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Abstract

Despite the general concept that therapy-induced senescence (TIS) has a tumour-suppressive
role, the presence of senescent tumour cells and the ability of cancer cells to escape from
senescence could potentially lead to therapy resistance and tumour recurrence. While a wide
range of chemotherapeutic drugs are known to induce senescence in cancer, the effect of TIS

in tumour progression is still not completely understood.

The project was focused on the development of in vitro senescence and senescence-escape
models, along with the investigation of a cell surface protein dipeptidyl-peptidase 4
(DPP4/CD26) as a potential marker of senescence in cancer, and the establishment of a
treatment strategy exploiting TIS and the senolytic effect of azithromycin. Three different
drugs (bromodeoxyuridine, gemcitabine and Palbociclib) were used to induce senescence in
MCF-7 and MDA-MB-231 human breast cancer cell lines, and the expression of various
senescence markers, such as cell morphology, growth arrest, SA-B-galactosidase activity and
cytokine secretion, were investigated. To identify and isolate senescence-escaped cells and
to evaluate the senescence-escaping ability of the cells, new methods were established by

using the proliferation marker Ki-67, crystal-violet staining and CellTrace CFSE staining.

Our results revealed a variability in the expression of different senescent markers and in the
senescence-escaping ability of the cells, depending on the drug used for senescence-
induction and the cell type as well. Importantly, the expression of DPP4/CD26 was
significantly increased in both senescent MCF-7 and MDA-MB-231 cells. To investigate the
function of DPP4/CD26 in senescent cancer cells the expression of DPP4 was silenced in both
cancer cell lines, and the cells were subsequently treated with senescence-inducing drugs.
Our results indicated that DPP4 expression is not essential for senescence-induction,
however, based on the evaluation of senescence-escaping ability of the cells, DPP4/CD26
exhibited a potential role to promote senescence-escape in MCF-7 cells, but not in MDA-MB-
231 cell. After senescence-induction MCF-7 and MDA-MB-231 cells were treated with a
recently discovered senolytic drug (azithromycin), and its effect was investigated by SRB and
immunofluorescent assay in order to test its effect and potential mechanism of action in on
our senescent cancer cell models. The results confirmed the senolytic effect of azithromycin

in senescent cancer cells via the inhibition of autophagic processes. Furthermore, targeting
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senescent cancer cells with azithromycin and a DPP4 inhibitor (sitagliptin) demonstrated a
synergistic effect in MCF-7 cells, by decreasing the viability of senescent cells (azithromycin)

and reducing the number of senescence-escaped cells (sitagliptin).

Altogether, the research project highlighted the importance of detailed characterisation of
senescent cancer cells for the investigation of therapy induced senescence. Our results
indicated that senolytic treatments, such as azithromycin treatment, could improve the
outcome of senescence-inducing cancer therapies, and that DPP4/CD26 could be a promising
marker and a novel target to be exploited in cancer diagnosis and treatment. Moreover, the
established methods for the evaluation of senescence-escape could contribute to the
comprehensive investigation of the mechanisms of senescence-escape, and to the

identification of potential therapeutic targets for decreasing senescence-escape.
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1. Introduction

1.1 Introduction to cancer and cancer therapy

Cancer is the second leading cause of mortality worldwide, that poses a substantial clinical,
economic and social burden (Mattiuzzi and Lippi, 2019). It is an extremely complex and
heterogeneous pathological condition, which includes more than 100 distinct types of cancers
originating from different cell types and organs (Bertram, 2000, Krzyszczyk et al., 2018).
Hanahan et al. defined the hallmarks of cancer, including unlimited proliferation potential,
evasion of growth suppressors, resistance of apoptosis, sustained angiogenesis, and invasion
and metastasis to distant parts of the body, accompanied by the two emerging hallmarks
including the reprogramming of metabolism and the evasion of immune destruction
(Hanahan and Weinberg, 2000, Bertram, 2000, Hanahan and Weinberg, 2011). The genome
instability of cancer cells caused by the accumulation of several genetic mutations, together
with the impact of tumour microenvironment, contributes to the acquisition of these cancer-

specific hallmarks (Hanahan and Weinberg, 2011).

1.1.1 Conventional and targeted cancer therapies — limitations and advances

Conventional treatments, including surgery, radiotherapy and chemotherapy, are widely used
therapeutic strategies against cancer. Surgery can be used when the solid tumours are located
in an accessible area of the body, however, it is commonly combined with neo-adjuvant or
adjuvant radio- or chemotherapy (Bernier et al., 2004). Radiotherapy represents an important
and frequently used modality for cancer treatment, with ongoing efforts to improve its
effectiveness and minimize therapy related toxicities (Baskar et al., 2012). Traditional
chemotherapeutic agents usually target DNA, RNA and protein synthesis in rapidly dividing
cells, leading to the induction of apoptotic cell death in cancer cells. Although chemotherapy
is highly effective, it is generally associated with therapy resistance and serious side effects

due to its toxic effect on non-malignant cells (Amjad et al., 2022).

To overcome the resistance to conventional cancer therapies and improve their effect,

several anti-cancer drugs have been developed to target cancer-specific proteins and
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signalling pathways, defined as targeted therapies. Targeted therapeutic drugs include
macromolecules, for example monoclonal antibodies, polypeptides, nucleic acids, and small
molecules, for example inhibitors targeting kinases, epigenetic regulatory proteins and DNA
damage repair enzymes (Yan et al., 2011, Zhong et al., 2021). In the last 20 years, there has
been a substantial increase in the number of FDA-approved small-molecule targeted drugs
for cancer treatment, including receptor tyrosine kinase inhibitors, serine/threonine kinase
inhibitors, epigenetic inhibitors, BCL-2 and PARP inhibitors. Because these targeted therapies
are effective only in a limited number of patients, the combination of targeted therapies with
conventional therapies, or the simultaneous inhibition of different cellular pathways by using
different combination therapies represents a promising therapeutic strategy in cancer

treatment (Yang et al., 2020, Zhong et al., 2021).

Another rapidly developing field in targeted cancer treatment is the immunotherapy. The aim
of immunotherapy is to exploit the natural immune defence against cancer cells by increasing
the activation of antitumour immune response (Kruger et al., 2019, Zhang and Zhang, 2020).
It includes tumour-specific monoclonal antibodies, immune checkpoint inhibitors, oncolytic
virus therapies, cancer vaccines, cytokine therapies, adoptive cell transfer therapies, such as
chimeric antigen receptor T cell (CAR T) therapy and T-cell receptor-based (TCR) therapy
(Zhang and Chen, 2018, Krzyszczyk et al., 2018). Although several immunotherapeutic agents
are approved for cancer treatment, the most frequently used immunotherapeutic strategies
are monoclonal antibodies including the immune checkpoint inhibitors, usually used in
combination with chemotherapy or other targeted therapies. Despite the advances in
immunotherapies, such as the detailed characterisation of tumour-infiltrating immune cells
by single-cell RNA sequencing and the development of pre-clinical models, tumour
heterogeneity, intra-patient variability and potential side effects can limit the clinical
applicability of immunotherapies (Zhang and Chen, 2018, Zhang and Zhang, 2020, Hegde and
Chen, 2020).

The intrinsic genetic heterogeneity of tumour cells and the variability of the therapy response
of cancer patients led to the emergence of precision and personalised medicine. The aim of
personalized therapies is to identify the most suitable treatment strategies for each patient,
by characterizing the patients’ genetic traits and disease state based on genetic,

transcriptomic, proteomic or metabolomic data (Krzyszczyk et al., 2018). Furthermore, the
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progression of liquid biopsy-based detection of circulating tumour DNA, tumour cells and
microRNAs from blood samples holds a great promise to monitor cancer progression and

predict therapy response in cancer patients (Dominguez-Vigil et al., 2018).

To overcome the limitations and reduce the side-effects of conventional and targeted cancer
therapies, different techniques has been developed to widen the therapeutic window of anti-
cancer drugs by improving their specificity and delivery. For example, antibody-drug
conjugates are composed of a cytotoxic drug linked to a monoclonal antibody, that binds to
the specific antigen expressed on the surface of the targeted cancer cells (Drago et al., 2021).
To improve the delivery of drugs inside the cells and to maintain a relatively stable drug
concentration within the circulation system, nanotechnology-based drug delivery systems
(nanocarriers) has been developed, that are based on different types of nanoparticles, such
as liposomal, polymeric and micellar nanoparticles (Hinge et al., 2020). Moreover, some of
the antibody-drug conjugates and nanocarriers, such as brentuximab vedotin, ado-
trastuzumab emtansine, Doxil (liposomal doxorubicin) and Abraxane (albumin-particle bound
paclitaxel) have already been approved for cancer treatment (Drago et al., 2021, Hinge et al.,

2020, Anselmo and Mitragotri, 2019).

1.1.2 Therapy resistance and metastasis

Therapy resistance and the development of metastasis represent the biggest challenge in
cancer therapy, and they are responsible for most of the cancer-related mortalities (Chaffer
and Weinberg, 2011). There are different cellular mechanisms that can lead to therapy
resistance, such as the inactivation of anti-cancer drugs by the alteration of their molecular
characteristics, the increased efflux of drugs through ATP-binding cassette (ABC) transporters,
inhibition of cell death by suppressing apoptotic pathways, enhanced DNA-damage repair via
06-methylguanine DNA methyltransferase (MGMT), nucleotide excision repair or
homologous recombination (Housman et al.,, 2014, Li et al.,, 2021). The main underlying
reason for these mechanisms is drug-resistance gene mutations (p53, PTEN), gene
amplification, altered gene expression (upregulation of Bcl2, AKT, downregulation of Bax,
Bclxl), and epigenetic alteration such as DNA methylation, and histone alterations
(hypermethylation of the MDR1 or hMLH1 promoter). These genetic alterations could be
induced by the therapeutic drugs or they could already exist in a population of cancer cells
(Zhong et al., 2021, Housman et al., 2014, Mansoori et al., 2017). However, there are growing

16



evidence demonstrating the role of tumour microenvironment in the development of drug
resistance, including non-malignant cells in tumour stroma, components of the extracellular

matrix and several soluble factors as well (Mansoori et al., 2017).

Tumour recurrence and metastasis are generally associated with tumour heterogeneity and
the phenotypic plasticity of cancer cells, that contributes to the development of drug
resistance during cancer treatment (Fanelli et al., 2020). A subpopulation of cancer cells
known as cancer stem cells (CSC) has been described as the main driver of therapy resistance
and malignant progression in cancer (Chaffer and Weinberg, 2011). Cancer stem cells exhibit
specific traits such as self-renewal, increased motility and invasiveness, increased resistance
to apoptosis, and the ability to retreat reversibly to a non-cycling quiescent state, leading to
a highly increased resistance to conventional therapies (Li et al., 2021, Moore and Lyle, 2011).
Moreover, several studies have demonstrated a link between epithelial-mesenchymal
transition (EMT) and the acquirement of stemness properties, that can provide an explanation
to the long clinical latency of metastatic recurrence (Chaffer and Weinberg, 2011, Weidenfeld
and Barkan, 2018, Mani et al., 2008, May et al., 2011, Malanchi et al., 2011). Although the
process of metastasis is still not completely understood, it has been suggested that the
epithelial-mesenchymal transition promotes the dissemination of cancer cells from primary
tumours, and the acquired stemness properties promote the survival of the cancer cells and

the colonization of distant tissues (Chaffer and Weinberg, 2011).

In the most recently published paper by Hanahan (2022) cellular senescence has been
described as an additional hallmark of cancer, that is involved in the activation of cancer
specific cellular programs necessary for tumour growth and progression (Hanahan, 2022).
Moreover, a wide range of the previously described conventional and targeted therapeutic
drugs has already been demonstrated to induce senescence in different types of cancers, and
based on the growing evidence about the effect of therapy induced senescence, senescence
plays an important role in therapy resistance and tumour recurrence (Mongiardi et al., 2021,
Chakrabarty et al., 2021, Dou and Berger, 2018, Triana-Martinez et al., 2020). These
detrimental effects of therapy induced senescence could ultimately contribute to poor clinical
outcome of cancer therapy; therefore, cellular senescence represents a potential therapeutic

target in cancer treatment.
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1.2 Cellular senescence and the characteristics of senescent cells

Cellular senescence has been described as the irreversible arrest of cell proliferation in
response to a wide range of cellular stress. Telomere shortening during replication, sustained
genomic damage, oxidative stress, oncogene activation or tumour suppressor activation and
other forms of stress that activate the DNA damage response pathway can induce cellular
senescence (Campisi, 2013, Ovadya and Krizhanovsky, 2018) (Faget et al., 2019). Although
most of these cells have permanently lost their proliferative capacity, senescent cells have an
intense paracrine activity with distinct biological effects on the surrounding cells depending

on the physiological context (Coppe et al., 2010).

1.2.1 Characteristics and markers of cellular senescence

Senescent cells are usually identified by a group of characteristics, however, these senescent
markers are not restricted to the senescent state and they are not exhibited in all senescent
cells (Campisi, 2013). The most accepted markers to identify senescent cells are persistent
proliferation arrest, enlarged and flattened morphology, increased activity of senescence-
associated B-galactosidase (SA-B-gal), increased lysosomal content and nuclear alterations
such as the formation of senescence-associated heterochromatin foci (SAHF) (Figure 1)

(Hernandez-Segura et al., 2018, Faget et al., 2019).

When cellular senescence is induced by DNA damage, the expression of phosphorylated H2AX
histone protein (yH2AX) or the phosphorylated p53 are frequently used as markers of
senescence, along with the downstream effectors of the DNA damage pathways, such as the
CDKN2A/p16'Nk4 and CDKN1A/p21°P cyclin-dependent kinase inhibitors (Hernandez-Segura
et al., 2018). Other regularly used markers are the loss of Lamin-B1 and the senescence-
associated heterochromatin foci (SAHF), that refers to nuclear foci with strong DAPI (4',6-
diamidino-2-phenylindole) staining and increased repressive epigenetic marks (Sadaie et al.,

2013).

The most frequently used and widely accepted senescence marker is senescence-associated
B-galactosidase (SA-B-gal) staining. The enhanced SA-B-gal activity can be attributed to the
increased lysosomal content, and it can be measured at a suboptimal pH of 6.0 in senescent
cells (Lee et al.,, 2006, Morgunova et al., 2015). The increased lysosomal content can be
connected to increased biogenesis of lysosomes but also to the impaired removal of old
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lysosomes, which results in the accumulation of lipofuscin. Lipofuscins are granules
containing oxidized proteins and lipids, and their accumulation has been suggested as a

marker of senescence (Georgakopoulou et al., 2013).

Along with the different morphology of senescent cells, alterations in the composition of the
plasma membrane can also be observed. For example, the expression of caveolin-1, the main
component of the caveolae (small invaginations of the plasma membrane) was found to be
increased in senescent cells. According to a recent study, caveolin-1 mediated signalling has
an essential role in the development and regulation of cellular senescence (Volonte and
Galbiati, 2020). Using a high-throughput mass spectrometry analysis, Kim et al. (2017)
identified the cell surface protein DPP4/CD26 (dipeptidyl peptidase 4) as a new marker of
cellular senescence, which was highly expressed on the surface of senescent human
fibroblasts. Moreover, the overexpression or silencing of DPP4/CD26 consequently increased

or decreased the expression of senescence markers in fibroblast cells (Kim et al., 2017a).

Other characteristics of senescence, such as production of senescence-associated secretory
phenotype (SASP), the increased number of mitochondria and increased ROS (reactive oxygen
species) production, or the enhanced expression of anti-apoptotic proteins from the Bcl-2
family were proposed to be used as a marker of senescence (Korolchuk et al., 2017, Park et
al., 2018). However, due to the lack of specificity and heterogeneity of the metabolic
alterations and SASP composition of senescent cells, it is currently difficult to use them as an

unequivocal marker for senescence (Hernandez-Segura et al., 2017).

Bojko et al. (2019) demonstrated the diversity of senescence markers expressed in cancer
cells by inducing senescence in various cancer cell lines using different treatments for
senescence-induction and analysed the expression of several senescence markers, such as
cell morphology and granularity (generally caused by increased lysosome content), SA-B-gal
activity, DNA damage markers and secretory phenotype. Their results revealed a large
variability in the expression of senescence markers in response to the different treatments
and different susceptibility of cancer cells to senescence-induction. Moreover, unequivocal
correlation between the expression of different senescence markers has not been detected

(Bojko et al., 2019).
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In summary, none of the markers described above can be used to conclusively identify
senescent cells due to the various distinct senescence programs. Therefore, to achieve a
better accuracy, the combination of several senescence markers should be used for the

detection of senescent cells (Matjusaitis et al., 2016, Hernandez-Segura et al., 2018).

Despite the significant progression in the in vitro identification and investigation of senescent
cancer cells, clinically applicable diagnostic tests to detect senescent cells in cytological or
histological samples with high levels of confidence are still lacking. In fact, some of the
hallmarks of senescence observed in cell cultures, such as morphological changes or cell cycle
associated proteins are difficult to detect in patient samples, due to the structure of tumours
and the non-specific expression of senescence-associated proteins (Wyld et al.,, 2020,
Gonzalez-Gualda et al., 2021). Moreover, the heterogeneity of senescent phenotypes
together with the intrinsic complexity of tumours further restricts the assessment of
senescence in vivo. Although SA-B-galactosidase staining is the most widely used marker of
senescence in tissue samples, it can only be detected in fresh or cryopreserved samples due
to its incompatibility with paraffin fixation, which is limiting its applicability (Hernandez-
Segura et al., 2018, Gonzalez-Gualda et al., 2021). Therefore, identifying new markers and
developing the in vivo detection of senescent cancer cells are crucial to improve the diagnostic

and therapeutic strategies used in clinical settings.
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Figure 1. Characteristics of cellular senescence. The figure presents the most common
markers of cellular senescence, that can be used to identify senescent cells in vitro. SAHF:
senescence-associated heterochromatin foci; SASP: senescence-associated secretory
phenotype; SA-B-gal: senescence-associated B-galactosidase expression. The figure was
created with BioRender, modified from Yun M. H. et al. (2018) (Yun, 2018).
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1.3 Senescence in cancer

The induction of senescence has been thought to serve as a protection against tumour
development, but according to recent studies this hypothesis was found to be only partly true
(Schosserer et al., 2017). In early experiments cellular senescence was considered to function
as a tumour suppressor, halting the proliferation of potentially malignant cells. However, the
SASP factors secreted by the senescent cells, along with the ability of cancer cells to escape
from the senescence program can promote the proliferation of non-senescent tumour cells
and induce the acquisition of stem cell properties (Milanovic et al., 2018, Faget et al., 2019,
Triana-Martinez et al., 2020). According to recent studies the detrimental effects of
senescence in cancer outweigh the beneficial effects, although, the impact of senescent cells
in various types of tumours and the features of different senescent cell types are still not

completely understood (Sieben et al., 2018).

1.3.1 Oncogene induced senescence (OIS)

It is known that oncogene activation promotes cell proliferation and tumorigenesis, however,
it may induce senescence due to genetic stress caused by unbalanced mitotic signals
(Courtois-Cox et al., 2008). Oncogene induced senescence (OIS) is considered to be a response
mechanism against oncogenic stress, limiting tumour proliferation and progression, however
its roles in cancer cells have not been fully elucidated. The most-studied examples are the
senescence responses induced by the overexpression of Ras/Raf/MAPK pathway components
or the inactivation of tumour suppressor genes, such as PTEN (Collado and Serrano, 2006,
Mooi and Peeper, 2006). For example, Sarkisian at el. (2007) demonstrated that high increase
in the expression of HRAS oncogene (encoding Raf) leads to tumour progression, however,
only to a pre-malignant stage due to senescence, whereas lower increase in the expression of
HRAS leads to malignant tumour formation (Sarkisian et al., 2007). Similarly, the occurrence
of oncogene induced senescence has been described in vivo in murine and human pre-
malignant tumours as well, but not in malignant tumours, suggesting that OIS functions as a
barrier against malignant tumour progression (Collado and Serrano, 2010). Moreover, acute
PTEN inactivation induced cellular senescence in vitro and in vivo via p53 pathway in prostate
cancer and restricted further tumour progression, and it was detected in early-stage prostate

cancer tissues (Chen et al.,, 2005). Oncogene induced senescence is associated with DNA
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damage checkpoint response and its two major cellular regulators are the tumour suppressor
p53 and Rb (retinoblastoma protein) (Campisi, 2013, Takebayashi et al., 2015, Liu et al., 2018).
It has been described that the constitutive hyperproliferative signals result in high degree of
DNA replication stress, leading to DNA double-strand breaks. The subsequent activation of
the DNA damage response causes cell cycle arrest and the induction of cellular senescence

(Patel et al., 2016).

1.3.2 Therapy induced senescence (TIS)

The induction of senescence has been detected in tumour tissues of patients with different
types of cancer after receiving chemotherapy, indicating that it is a clinically relevant response
to cancer therapy (Roberson et al., 2005, te Poele et al., 2002, Wagner and Gil, 2020). The
activation of the senescence programme is a natural intrinsic response to cancer treatment
in addition to the desired apoptotic response of tumour cells. In conventional cancer therapy,
the onset of cellular senescence seems to improve the therapeutic outcome by keeping
tumour proliferation in control (Ewald et al., 2010). For example, Schmitt et al. demonstrated
in a lymphoma mouse model that mice harbouring tumours with a defect in apoptotic
pathways but not in senescence pathway had a significantly better prognosis compared to
mice with harbouring tumours with deficiency in both senescence and apoptotic pathways.
Based on these results they described senescence induction as a desirable outcome of cancer

treatment (Schmitt et al., 2002).

On the other hand, despite its potential initial benefit, chemotherapy or radiotherapy induced
senescence can have a detrimental impact on cancer treatment due to the secretion of SASP
or the ability of cancer cells to eventually escape from senescence and regain their
proliferative capacity (Figure 2) (Ewald et al., 2010, Schosserer et al., 2017). It has been
demonstrated that the increased expression of senescence markers in breast cancer patients
is associated with tumour recurrence and poor overall survival of patients (Pare et al., 2016).
Furthermore, Demaria et al. showed that therapy induced senescence promotes the adverse
effect of chemotherapy, reflected in high risk of chemotherapy-induced fatigue in humans
and mice, and the elimination of TIS cells several side-effects of chemotherapy, such as bone
marrow suppression and cardiac dysfunction and improved the physical activity and strength
of mice (Demaria et al., 2017). In a study investigating the effect of p53 mutation in breast
cancer, it was found that p53-mediated senescence was associated with impaired apoptotic
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response to chemotherapy and poor clinical outcome. Jackson et al. (2012) demonstrated
that in response to chemotherapy, wild-type p53 activity induces proliferation arrest and
cellular senescence instead of apoptosis, resulting in decreased tumour regression and early
relapse in the MMTV-Wntl murine model (transgenic mice for studying breast cancer).
However, chemotherapy treated tumours with mutant p53 bypassed the senescence
induction, and due to abnormal mitosis, they eventually initiated p53-independent cell death

leading to an improved therapy response (Jackson et al., 2012).

Senescent cells, particularly those that are developed in response to DNA-damaging therapy,
are able to secrete chemo-protective SASP factors protecting neighbouring tumour cells from
the same chemotherapeutic agents (Gilbert and Hemann, 2010, Campisi, 2013). Moreover,
DNA damage-induced senescent tumour cells can escape from senescence, and potentially
lead to a poor outcome of cancer treatment (Calcinotto et al., 2019). The senescence-specific
microenvironment created by the secretome of senescent cancer cells can promote the
emergence of more aggressive, stem-like cancer cells. These cancer cells with stemness
properties together with the cells that escaped from therapy-induced senescence are likely
to contribute to tumour relapse after chemotherapy (Milanovic et al., 2018, Triana-Martinez
et al., 2020). In addition, senescence-inducing therapies can induce senescence in stromal
cells of the tumour microenvironment as well. The senescent stromal cells can promote the
proliferation of cancer cells and can spread the senescent state to other cells as well, via the
secretion of SASP (Burd et al., 2013, Short et al., 2019). The effect of SASP and senescence-

escape in cancer treatment will be described in more details.

Although there is growing evidence about the detrimental effect of therapy-induced, further
research should be conducted to increase the amount of experimental data, which would
contribute to better understand the impact of TIS in the clinical treatment of cancer (Ewald

et al., 2010, Wyld et al., 2020).
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Figure 4. Beneficial and detrimental consequences of therapy induced senescence (TIS)
in cancer. The beneficial effects of TIS include the irreversible cell cycle arrest of the cells
(terminal growth arrest), and the activation of anti-tumour immune response via the
cytokine secretion of senescent cancer cells (SASP). The detrimental effects of TIS include
the growth promotion of non-senescent cancer cells via the secretion of cytokines and
growth factors (SASP), and the ability of senescent cancer cells to escape from senescence
and resume cell proliferation. SASP: senescence-associated secretory phenotype. Figure
was created with BioRender, modified from Kahlem et al. (2004) (Kahlem et al., 2004).

1.3.3 Role of senescence in tumorigenesis

It has been demonstrated that human primary fibroblast cells undergo a limited number of
cell divisions, and they eventually enter to an irreversible senescent state (Krtolica et al.,
2001). However, Romanov et al. (2001) demonstrated that in contrast with fibroblasts, human
mammary epithelial cells are able to restart proliferating after entering in a senescence state.
Epithelial cells that appeared after senescence exhibited deficiencies in their telomeric
sequences and chromosomal abnormalities similarly to early lesions of breast cancer,
indicating that senescence-escape might be a key event in the early steps of the
carcinogenesis of breast cancer (Romanov et al., 2001). Similarly to these observations,

oncogene induced senescent mammary epithelial cells has been demonstrated to enter in a
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reversible senescent state, that favours the appearance of malignant traits (Sherman et al.,

2011).

There are different in vitro studies demonstrating the direct tumour-promoting role of
senescent fibroblasts through paracrine SASP factors (Bavik et al., 2006, Lawrenson et al.,
2010, Castro-Vega et al., 2015). It has been observed that pre-neoplastic or neoplastic cells
co-cultured with senescent fibroblasts or treated with senescence-conditioned medium had
an increased proliferation rate and were able to form tumours in mice (Krtolica et al., 2001).
Moreover, the conditioned medium from senescent cells can not only promote tumorigenesis
but also promotes the emergence of cancer cells with stem-like phenotype and increased
chemotherapy resistance (Cahu et al.,, 2012, Canino et al., 2012). These results strongly
suggest that the senescent microenvironment promotes the transition of premalignant cells

towards a malignant state.

Cellular senescence imposes an upper limit on the proliferation of normal cells, therefore it
can be considered as a barrier to tumour formation that cancer cells must bypass (Lee and
Schmitt, 2019). In a comprehensive analysis of DNA methylation in senescent cells, the
methylation pattern (for example global hypomethylation, CpG island hypermethylation and
upregulation of DNA Methyltransferase 3B) was found to be qualitatively similar to those in
cancer. This study also suggested that senescence escaping/bypassing cells already harbour
an epigenetic landscape that is likely to promote tumour formation (Cruickshanks et al.,
2013). In addition, escaping from senescence has been postulated as a crucial step in tumour
formation of many cancer types, supporting the concept that cellular senescence is a double-
edged sword in tumour development (Schosserer et al., 2017). For example, p53 inactivation
in cells without p16'N¥4 expression( which normally ensures the growth arrest) results in
resumed cell proliferation, posing a risk for malignant transformation (Campisi, 2013).
Investigating oncogene induced senescent cancer cells, Patel et al. (2016) demonstrated that
senescence-associated chromatin alterations can eventually lead to the derepression of
hTERT (human telomerase reverse transcriptase), that allows the cells to escape from the
senescent state. They found that in early neoplastic skin and breast tissue, high levels of
hTERT expression were detected only in cells that expressed senescence features, suggesting
that cancer cells emerged from senescent cells via the derepression of hTERT (Patel et al.,

2016).
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1.4 The role of the senescence-associated secretory phenotype (SASP)
in cancer

The SASP secretome consists of different chemokines, cytokines, growth factors and
proteases, with both tumour-promoting and antitumorigenic effects depending on the
secreted molecules and the physiological conditions (Coppe et al., 2010, Calcinotto et al.,
2019, Campisi, 2013). Different types of cells and different inducers of senescence generate
a variation in the types of expressed SASP factors and in the magnitude of their expression
(Wiley et al., 2017). The secretion of SASP factors is regulated by several pathways, including
the ATM serine-protein kinase, CHK2 protein kinase, p44/MAPK3, p53 and nuclear factor kB
(NF-xB) (Faget et al., 2019). However, the SASP factors are not distinctive to senescence. For
example, in cancer-associated fibroblasts (CAFs) similar signalling pathways are activated,

which generate a similar secretion profile (Peng et al., 2013).

1.4.1 Effect of SASP factors in anti-tumour immune responses

The early investigations of the effect of SASP on immune cells suggested that SASP factors
promote an anti-tumour response and lead to the elimination of senescent cells. However,
the impact of SASP in immune responses can vary, depending on the secreted chemokines,
which depends on the types of senescent cells and the stage of tumorigenesis (Saleh et al.,
2018, Faget et al., 2019). In most cases the prominent feature of the SASP is the ability to
cause local chronic inflammation, promoting the recruitment and activity of immune cells to
eliminate both senescent and cancer cells by CD4(+) T-cell-mediated adaptive immune
response (Kang et al., 2011). The two major inflammatory cytokines, the IL-6 and IL-8 are
expressed in response to different senescence inducers, and they can directly regulate the
immune response along with the other inflammatory factors. SASP factors derived from
senescent tumour cells and the associated stroma can promote an immune response against
senescent cancer cells in vivo (Faget et al., 2019). Moreover, inducing senescence in cancer
by ionizing radiation resulted in the expression of immunostimulatory cytokines, that
activated the antitumor response in mice. According to Meng et al. (2012), this beneficial
effect of the SASP can be exploited to increase the cytotoxic antitumor activity of immune

cells (Meng et al., 2012).

27



On the other hand, some of the secreted proteins can create an immunosuppressive
microenvironment that helps senescent cells to evade immune recognition and promotes
chemotherapy resistance (Gilbert and Hemann, 2010). This immunosuppressive function of
senescent cells was also demonstrated in hepatocellular carcinoma, promoting tumour
growth, however, this effect was only found when senescence was induced in the later stages
of malignancy (Eggert et al., 2016). In the case of the tumour protecting effects of the SASP,
the onset of senescence in cancer or in the tumour stroma can maintain tumour dormancy
and its potential recurrence. The cancer-associated inflammation caused mainly by the
secretion of IL-6 and IL-8 by senescent cancer cells, can contribute to the spread of cancer
cells to distant sites via lymphovascular systems and ultimately lead to metastasis (Saleh et

al., 2018).

These observations support the view that SASP factors and the inflammation generated by
them can have both beneficial and deleterious effect, depending on the secreted molecules

and the physiological conditions (Campisi, 2013, Calcinotto et al., 2019).

1.4.2 SASP in cancer therapy

SASP factors have been reported to be expressed in tumour cells of patients receiving
chemotherapy along with increased senescence markers, indicating that the secretion of
SASP factors is a clinically relevant response to cancer therapy. SASP resulting from
chemotherapy-induced senescent cells shares common secreted factors with other
phenotypes of senescence, mostly the IL-6 and IL-8 cytokines (Sidi et al., 2011). In a meta-
analysis of data collected from patients with different types of cancer, the elevated SASP
cytokine levels were correlated with poor prognosis. In breast, prostate, ovarian, lung and
colorectal cancer, increased IL-6 and IL-8 secretion have been found to correlate with greater
probability of metastasis development and predicted a low overall survival (Saleh et al., 2018).
In spite of the beneficial immunosupporting effect, SASP can contribute to therapy resistance
and tumour growth, and it can promote the emergence of stemness features (Figure 3) (Cahu

et al,, 2012, Faget et al., 2019).

1.4.3 Role of SASP factors in metastasis

The influence of SASP factors in migration and invasion of tumour cells has been reported in

different in vitro studies, where SASP promoted epithelial-to-mesenchymal transition (EMT)
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and led to the emergence of metastatic features (Canino et al., 2012, Tato-Costa et al., 2016).
The two major secreted cytokines, IL-6 and IL-8 can promote the proliferation and anchorage-
independent growth of cancer cells, which are crucial for metastasis development (Fernando
et al,, 2011, Saleh et al., 2018). Another study, using MCF-7 breast cancer cells treated with
IL-6 and IL-8, demonstrated that IL-6 and IL-8 induced the appearance of cells with altered
cell morphology increased migration capacity, and the expression of EMT and stemness
markers such as CD44, vimentin, ZEB-1, SNAIL-1 and Slug. Treatment with senescence-
conditioned medium (SCM) collected from senescent fibroblasts, resulted in a similar
outcome, and employing neutralizing antibodies against IL-6 and IL-8 abrogated the effects of
SCM on MCF-7 cells. It is important to note that under normal conditions MCF-7 cells express
low levels of IL-6 and IL-8 and they have a low metastatic capacity. Based on the results
described above, SASP factors can induce the appearance of a more aggressive and invasive

type of MCF-7 cells (Ortiz-Montero et al., 2017).

The in vivo effect of SASP on metastasis was also demonstrated by different experiments. For
example, oncogene induced senescent breast cancer cells enhanced the metastatic potential
of neighbouring tumour cells in a paracrine manner (Angelini et al., 2013). Moreover, SASP
factors derived from senescent fibroblasts promoted pathological angiogenesis and increased
vascularization in retinopathy via the secretion of vascular endothelial growth factor (VEGF)
(Oubaha et al., 2016). Investigating the invasion of papillary thyroid carcinoma, senescent
tumour cells were often detected in the invasive borderlines, lymphatic vessels and
metastatic foci of lymph nodes, indicating a role of senescent cells in collective invasion of
tumour cells. Cancer tissues where senescent cells were detected, exhibited an increased
expression of IL-6, IL-8, and several matrix metalloproteinases. It was shown that oncogene
induced senescent primary thyrocytes led to the collective invasion of non-senescent tumour
cells in vitro and in vivo, via the secretion of a chemogradient regulated by CXCL12/CXCR4
signalling. CXCL12/CXCR4 signalling was also involved in anoikis (a form of programmed cell
death that occurs in anchorage-dependent cells) resistance, a crucial mechanism required for
metastasis, suggesting that senescent cells migrated alongside the non-senescent tumour

cells (Kim et al., 2017b).
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Figure 7. Different functions of senescence-associated secretory phenotype (SASP) in
cancer. The figure presents the effect of SASP secreted by senescent cancer cells, such as
the promotion of the cell proliferation of non-senescent cancer cells, the promotion of
stem-cell development, the re-enforcement of senescent phenotype and the promotion of
cancer cell migration and invasion, which leads to the development of metastasis. IL-
6/8/1a: interleukin-6/8/1a; CXCL1/2/12: C-X—C motif chemokine ligand 1/2/12; TGFp:
transforming growth factor B; VEGF: vascular endothelial growth factor. Figure was created
with BioRender, modified from Faget et al. (2019) (Faget et al., 2019).
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1.5 The role of autophagy in senescence

In general, autophagy mediates the turnover of damaged organelles and proteins,
contributing to the maintenance of cellular homeostasis, and it also functions as a survival
pathway in response to cellular stress, such as cancer therapies (Baisantry et al., 2016,
Hanahan and Weinberg, 2011). It has been described that the degradation and recycling of
molecules via autophagy has a vital role in the development of the senescent phenotype by
providing an additional energy source during a prolonged dormant-like state, which makes
senescent cells more sensitive to autophagy inhibition (Goehe et al., 2012, Vera-Ramirez et
al., 2018). In addition, Dorr et al. (2013) demonstrated in transgenic mouse lymphoma
models, that senescent lymphomas rely on intact lysosomal protein degradation due to their
elevated protein production (SASP secretion), and they were sensitive to autophagy
inhibition. The addition of an autophagy inhibitor (bafilomycin A1) following chemotherapy
improved the treatment outcome in lymphoma-bearing mice, indicating that autophagy
inhibition is a promising target to eliminate senescent cancer cells (Dorr et al., 2013, Wagner

and Gil, 2020).

Interestingly, a recent study revealed a previously unknown phagocytotic activity of
chemotherapy-induced senescent cancer cells, allowing them to survive and adapt to the
energy-consuming processes of SASP secretion. It was observed that senescent cancer cells
engulfed neighbouring cells and processed them to their lysosomes for degradation. This
newly discovered process has been proposed to provide an alternative source of energy and
building blocks for therapy-induced cancer cells to enhance the survival of senescent cells
during chemotherapy, allowing them to potentially escape from senescence (Tonnessen-

Murray et al., 2019).
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1.6 Senescence-escape

Cellular senescence has been described as the essentially irreversible arrest of cell
proliferation (Campisi and d'Adda di Fagagna, 2007). However, cancer cells can challenge this
definition of senescence. Now, it is known that the halted proliferation of cancer cells is not
always terminal, and some senescent cells can restore their proliferation capacity, implying a
dynamic nature of senescence in cancer (Sage et al., 2003). Therefore, senescence should not
always be considered as an end point in the life cycle of a cancer cells, but rather as a resilient
physiological state (Schosserer et al., 2017). Several studies, which are detailed below,
described tumour cells that reverted to active proliferation after a non-proliferative

senescent state through a process that has been termed senescence-escape.

By establishing a genetically switchable model, Milanovic et al. (2018) demonstrated that
chemotherapy induced senescence cells can spontaneously escape from senescence and re-
enter the cell cycle with an enhanced proliferation capacity and tumour-initiating potential
compared to cancer cells that had never been senescent. This result was further supported
by the enriched populations of senescent-escaped cells with stem-like features found in
relapse tumours, driving a much more aggressive tumour growth (Milanovic et al., 2018). In
a different study, drug induced senescent cancer cells, after an intermediate non-cycling
stage, were able to escape senescence and generate chemo-resistant stem-like cells
(Achuthan et al., 2011). A small subpopulation of colorectal cancer cells was also able to start
proliferation after chemotherapy induced senescence. This subpopulation consisted of more
transformed cells that were able to grow in an anchorage-independent manner and exhibited
a more invasive phenotype. Analysing the gene-activation of these senescence escaped cells
compared to the senescent population, revealed a significant overlap in the gene-expression
of membrane-associated and extracellular proteins connected to increased invasiveness
(Jonchere et al., 2015, Yang et al., 2017a). According to several independent studies
senescence escaped cells appeared to be resistant to DNA-damaging agents and ionizing
radiation, possibly due to the downregulation of apoptotic pathways (EImore et al., 2005,
Karimi-Busheri et al., 2010). However, contrary to these observations, other studies showed
that senescence escaped cells did not present increased chemotherapy-resistance in

comparison with non-senescent cells (Roberson et al., 2005, Yang et al., 2017a).
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Different studies postulate a link between senescence-associated reprogramming and self-
renewal capacity cancer cells; however, the real nature of this potential link is not completely
understood. For instance, senescence and stemness seem to be co-regulated by overlapping
signalling pathways, and senescent cells usually exhibit a stem cell phenotype with an
increased plasticity (Lee and Schmitt, 2019). According to a new hypothesis about the origin
of cancer stem cells (CSCs), CSCs may arise from senescent cancer cells resulting a hybrid

phenotype including both stem cell features and senescent markers (Sotgia et al., 2019).

Altogether, after the termination of cancer treatment, the surviving senescent tumour cells
could eventually restart their proliferation, that can possibly lead to cancer recurrence and
poor outcome of cancer treatment (Chaffer and Weinberg, 2011, Yang et al., 2017a, Triana-

Martinez et al., 2020).

1.6.1 Mechanisms of senescence escape

There are several studies about senescence escape, describing different proteins and
pathways that can drive the conversion of senescent cells to proliferative cells. In an early
study on p53-null human lung cancer cells, the expression of cell-cycle regulating cyclin-
dependent kinase Cdk1/Cdc2 was found to be increased in senescence-escaped cells.
Moreover, the inhibition of Cdk1/Cdc2 disrupted the escape from chemotherapy-induced
senescence, possibly through mediating apoptotic pathways. These findings suggested that
the selective overexpression of Cdk1/Cdc2 might represent a mechanism that promotes
senescence-escape (Roberson et al., 2005). In subsequent experiments with p53-null cellular
models, a subpopulation of cells emerged after a non-cycling senescent state with increased
expression of the cyclin-dependent kinase inhibitor p21WAFY/CiPl exhibiting genomic instability
and increased resistance to DNA-damage. However, p21 WAF1/Cplis 3 well-known mediator of
senescence, in case of p53 inactivation it can adopt a different function, creating cells with
genomic instability, promoting senescence-escape and maintaining the viability of senescent
cells. In fact, the continuous expression of p21 WAF1/Cipl |eads to the saturation of two
important cell-cycle regulating ubiquitin ligases (CRL4Cdt2 and SCF%2), therefore leading to
the unabated activation of their other targets and consequently promoting cell-cycle
progression (Galanos et al., 2016, Yosef et al., 2017, Georgakilas et al., 2017). Interestingly, in
senescent breast cancer cells the accumulation of autophagy markers and a low rate of
autophagic degradation activity (autophagic flux) has been detected, while in senescence-
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escaped cells the formation of new autophagosomes and autophagic flux has been
substantially increased, indicating a potential role of improved autophagic flux in the

senescence-escape (Bojko et al., 2020).

Studying the escaping mechanism of chemotherapy-induced senescent colorectal and breast
cancer cells postulated a role of anti-apoptotic pathways and transcriptional regulation in
senescence-escape. Two anti-apoptotic proteins, Mcl-1 (induced myeloid leukaemia cell
differentiation protein) and Bcl-xL (B-cell ymphoma-extra large) were found to be involved in
maintaining the survival and promoting the anchorage-independent growth of senescence-
escaped cells. The inactivation of these proteins increased the efficiency of chemotherapy
treatment and decreased the emergence and survival of senescence-escaped cells in vitro
(Jonchere et al., 2015). In a following study the authors further characterised the mechanism
of senescence-escape, proposing a role for cdk4-EZH2-AP2M1 (cyclin-dependent kinase 4 -
enhancer of zeste homolog 2 - AP-2 complex subunit mu) pathway in chemotherapy
resistance and senescence-escape. Their results showed that during the early phase of
chemotherapy-induced senescence (CIS) cdk4 and EZH2 are downregulated and then
reexpressed in the emerging proliferating cell population. AP2M1 is a target of EZH2 and it
was described to be involved in the transmission of SASP and in the regulation of CIS-escape
(Le Duff et al., 2018). According to an additional study, senescence-escape can also be
regulated through paracrine signalling. Thrombosporin-1 (TSP1) was found to be produced by
senescent cells and it was able to prevent the escape of senescent cells. In addition,
senescence-escaped cells expressed low levels of CD47, the receptor of TSP1, explaining the
regulating function of TSP1. Interestingly, low expression of TSP1 detected in breast cancer

patients was associated with tumour relapse after chemotherapy (Guillon et al., 2019).

In other studies, the escape of senescence was associated with the downregulation of mTOR
(mammalian target of rapamycin), increased expression of pluripotency markers, enhanced
Whnt signalling, along with decreased expression of DNA-damage and DDR (DNA-damage
response) markers, such as YH2AX, Rad51 and pDNA-PKcs®¢296 (Chitikova et al., 2014,
Milanovic et al., 2018). The role of hTERT expression and the reactivation of telomerase has
also been associated with senescence-escape during therapy- and oncogene-induced
senescence (Elmore et al.,, 2005, Patel et al., 2016). Interestingly, the mechanism of

senescence-escape can also be connected to polyploidy (a condition in which cells have
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multiple chromosomes). The emergence of polyploid senescent cancer cells during therapy
induced senescence was observed in different independent studies, representing a transition
stage towards senescence-escape. Moreover, increased polyploidization promotes
senescence-escape and self-renewal, suggesting a link between senescence, polyploidy and
stemness in order to overcome genotoxic stress (Wang et al., 2013, Erenpreisa and Cragg,

2013, Mosieniak et al., 2015).

1.6.2 Models for senescence escape

In most of the in vitro experiments the cellular model of senescence-escape is relatively
similar. An early study by EImore et al. (2005) demonstrated that a 2-hour treatment with a
clinically relevant dose of doxorubicin induced early senescence arrest in MCF-7 breast cancer
cells. After 2 to 3 weeks following the drug exposure, a clonal population arising from the
surviving cells was isolated. To distinguish these cells from the more classic doxorubicin-
resistant cells, they analysed the mRNA levels of MDR-1 (multi-drug resistance protein 1),
which was highly expressed in doxorubicin-resistant cells but undetectable in the clonal
population (Elmore et al., 2005). In a more comprehensive study, a variety of
chemotherapeutic agents were analysed based on their ability to induce reversible
senescence in H1299 lung cancer cells. The cell line was chosen for its favourable expression
profile (-p16INK4A/+pRb/deleted-p53), contributing to the reversibility of cellular
senescence. They found that after 4 days of treatment with camptothecin, nearly 90% of the
lung cancer cells showed enlarged, flattened morphology, expressed SA-B-galactosidase, and
stopped proliferating. After 18 to 24 days the senescent cells sporadically re-entered the cell
cycle, forming colonies of cells with a highly similar expression profile compared to the
senescent cells (Roberson et al., 2005). Yang et al. (2017) used A549 lung cancer cells treated
with low dose doxorubicin for 7 days and confirmed senescence by cell-cycle arrest and
positive staining for SA-B-gal. The senescent cells were cultured in drug-free medium for
further 20-30 days, which resulted in the emergence of proliferating cell colonies. To
determine whether this drug treatment was a selection to cancer stem cells or drug-resistant
cells, RT-PCR analysis was performed using a focused cancer stem cell gene panel and
senescence-associated gene panel. The cells derived from the colonies had a significantly

overlapped expression profile with the senescent cells but not with cancer stem cells,
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postulating that they originated from senescent cells. Furthermore, the senescence-escaped

cells showed no increase in resistance to different drugs (Yang et al., 2017a).

Using switchable models is also an applicable approach to establish a model for senescence-
escape. For example, Galanos et al. (2016) used a Tet-On/Off system to generate p21WAFY/Cirl.
inducible p53-null cell models. The Tet-On/Off technique is based on a bacterial regulatory
system allowing the activation/silencing of gene expression by using tetracycline-derivatives,
for example doxycycline (Das et al., 2016). Sustained expression of p21WAF1/Cipl reduced cell
proliferation and induced senescence in p53-null cells, however, 10 days later the senescent
phenotype started to diminish and a fraction of non-senescent p21WAFY/CiPl positive cells
appeared (Galanos et al., 2016). In a different study, Milanovic et al. (2018) established a
switchable system in Eu-myc transgenic mice (mice overexpressing c-myc oncogene in the B-
cell lineage resembling human lymphomas) using 4-hydroxytamoxifen (4-OHT)-inducible
senescence mediators Suv39h1 (histone-lysine N-methyltransferase) or p53. The generated
lymphoma cells could enter senescence only when exposed to both 4-OHT and doxorubicin.
After incubation with drug-free medium, Suv39h1 or p53 was switched off again and the cells
started to regain their proliferative capacity and to lose the expression of senescence-markers

indicating senescence-escape (Schmitt et al., 2002, Milanovic et al., 2018).

Models for senescence-escape in cancer are generally based on studies in heterogeneous cell
culture, where the origin of the escaped cell population cannot be precisely identified. To
overcome this limitation of senescence-escape studies, Saleh et al. (2019) isolated the
senescent cell population based on their increased cell size and SA-B-gal expression using
fluorescence-activated cell sorting (FACS) and demonstrated that this senescence-sorted
population was able to escape from senescence and generate tumours in vivo (Saleh et al.,
20193, Saleh et al., 2019b). This sorting strategy has been used by Alotaibi et al. (2016) as well
to isolate the population of radiation induced senescent cell from non-senescent cells
(Alotaibi et al., 2016). Furthermore, Was et al. (2017) used a time-lapse technique to monitor
senescence-escape and demonstrated that the proliferating cell progenies emerging after

senescence-induction originated from senescent cells (Was et al., 2017).
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1.7 Targeting senescence in cancer therapy

The emergence of senescent tumour cells following neoadjuvant chemotherapy were
described in patients with different types of cancer. Patients with therapy induced senescent
tumours showed a significant decrease in survival and the symptoms of accelerated
physiological aging (Sidi et al., 2011, Sanoff et al., 2014, Wood et al., 2016). Moreover,
increased numbers of senescent tumour cells correlated with adverse clinical outcome and
resistance to first- and second-line treatments (Wang et al., 2016b, Myrianthopoulos et al.,

2019).

Chemotherapies can induce cellular senescence in the surrounding stroma and in normal
tissues as well, which can be responsible for debilitating side effects and the development of
local and systemic inflammation. Furthermore, in a murine model, chemotherapy induced
senescent non-tumour cells promoted the spread of cancer cells and led to cancer relapse, in
response to a variety of DNA-damaging agents administered at a biologically effective dose.
The elimination of therapy-induced senescent cells reduced the adverse side-effects of
chemotherapy, suggesting that development of drugs to remove senescent cells might be a
promising strategy to improve the outcome of current chemotherapies and to alleviate the
post-therapeutic morbidities connected to physiological aging (Demaria et al.,, 2017,

Myrianthopoulos et al., 2019).

1.7.1 Anti-SASP and SASP modulating therapies

SASP factors are considered to be the most important mediator of the adverse effects of
cellular senescence, therefore several approaches aim to suppress or modulate the SASP to
improve the outcome of tumour therapies (Short et al., 2019). For example, treatment with
the mTOR inhibitor rapamycin successfully abrogated the tumour-promoting effects of
senescent fibroblasts, via the inhibition of IL-1a secretion and consequently the IL-6 secretion
by senescent cells (Herranz et al., 2015). The SASP reducing effect of mTOR inhibition by
rapamycin has also been reported in other in vitro and in vivo models (Faget et al., 2019).
Another promising drug with anti-SASP effect is metformin, that is a common medication for
type 2 diabetes (Nasri and Rafieian-Kopaei, 2014). Metformin has been demonstrated to
reduce the secretion of pro-inflammatory SASP factors possibly through the inhibition of NF-

kB signalling (via the inhibition of the nuclear translocation and activation of NF-kB
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complexes), which is the main pathway for regulating pro-inflammatory gene expression.
Furthermore, the tumour-promoting effect of senescent-conditioned medium on prostate
cancer cells was reduced by using the medium collected from metformin treated senescent
cells (Moiseeva et al., 2013). In another study, simvastatin, an antihyperlipidemic drug, was
found to be effective to decrease IL-6 secretion by senescent cells and reduced the tumour-
promoting effect of senescent-conditioned medium on breast cancer cells (Liu et al., 2015).
The analysis of a wide range of anti-inflammatory substances, such as corticosterone, cortisol
and other glucocorticoids, showed that they were effective in reducing the secretion of
certain SASP factors, including several proinflammatory cytokines independently from the

process of senescence induction (Laberge et al., 2012).

Other promising molecules and signalling pathways have been identified, that can be targeted
to reduce the secretion of SASP factors. For example, the inhibition of p38MAPK or the
JAK2/STAT3 axis has been associated with the inhibition of SASP secretion or the reduction of
the immunosuppressing SASP response (Toso et al., 2014, Alimbetov et al., 2016). Targeting
the metabolism, autophagy or proteostasis pathways of secretion active senescent cells, has
also been proposed as a novel approach to supress the adverse effects of SASP during cancer
therapy (Dorr et al., 2013). Moreover, several clinically approved interleukin inhibitors can be
utilised in combination with chemotherapy, however, these strategies have not been
investigated in preclinical models of cancer. For example, the IL-1 receptor inhibitor anakinra,
the IL-6 receptor inhibitor siltuximab or tocilizumab, and the TNF-a inhibitor infliximab could
be promising candidates for drug repurposing as regulators of the effects of SASP (Sieben et

al., 2018, Saleh et al., 2018, Faget et al., 2019).

Besides several strategies to inhibit SASP, the beneficial effects of SASP, such as the
stimulation of anti-tumour response, can be exploited for therapeutic purposes. Screening a
wide range of chemotherapeutic agents for senescence induction in neuroblastomas
demonstrated distinct effects of the SASP response associated with different senescence
inducing agents. For example, low-dose treatment with topotecan, a topoisomerase inhibitor,
induced a tumour-supressing cytokine profile promoting an anti-tumour response (Taschner-
Mandl et al., 2016). In another study, senescent tumour cells induced by ionizing radiation
and veliparib (ABT-888) treatment promoted anti-tumour immune response by secreting

cytokines, that activated cytotoxic T lymphocytes. Injecting these senescent cells into tumour-
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bearing mice enhanced the effects of radiotherapy, resulting in the elimination of tumour

cells (Meng et al., 2012).

Several promising approaches has been described to target SASP and based on the available
data and results, a synergistic effect with chemo- and radiotherapy may be feasible in clinical
settings. However, to potentiate the effect of anti-SASP and SASP modulating therapies,
further testing of these strategies in combination with conventional tumour therapies is

essential (Sieben et al., 2018, Saleh et al., 2018, Short et al., 2019).

1.7.2 Senolytics in cancer therapy

Senolytics are compounds that have been developed to selectively eliminate senescent cells
without compromising the viability of non-senescent cells (Kirkland and Tchkonia, 2020).
Using senolytics as adjuvant cancer therapy can be beneficial to improve therapeutic outcome
and reduce the risk of tumour recurrence. The mechanism of senolytics is primarily based on
apoptosis induction in senescent cells, which are otherwise able to resist cell death (Saleh et
al., 2018). For example, inhibitors of Bcl2, such as ABT-263 and ABT-737, have been
demonstrated to effectively induce apoptosis in senescent cells (Yosef et al., 2016). ABT-737
and ABT-263 (navitoclax) administered with either ionizing radiation or different
chemotherapeutic agents, effectively sensitised tumour cells to radio- or chemotherapy and
selectively induced apoptosis in senescent cells in vitro and in vivo (Lieber et al., 2010, Oakes
et al., 2012, Faget et al., 2019). Furthermore, navitoclax demonstrated a synergistic effect in
PARP inhibitor-induced senescent breast cancer cells, but only when administered after
prolonged PARP-inhibitor treatment, suggesting that navitoclax specifically targeted
senescent cells (Fleury et al., 2019). While these preliminary results appear to be promising,
the upregulation of Bcl2 in senescent cells is not ubiquitous, therefore some senescent cells

might be resistant to Bcl2 inhibitors (Short et al., 2019).

Apart from Bcl2 inhibition, other strategies have been developed to selectively induce
apoptosis in senescent cells. According to several studies, two tyrosine kinase inhibitors,
qguercetin and dasatininb eliminated senescent cells in vitro and in vivo, possibly via the
inhibition of PI3K signalling and the inhibition of other tyrosine kinases of anti-apoptotic
pathways (Fan et al., 2022, Novais et al., 2021, Saccon et al., 2021). According to the

preliminary results of a clinical study, the combination of dasatinib and quercetin significantly
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decreased the effect of senescent cells in patients with diabetic kidney disease (Hickson et al.,
2019). Interestingly, dasatinib has been used as targeted drug therapy in some types of
leukaemia, and several anti-cancer properties of quercetin have also been described (Brito et
al., 2015, Keating, 2017). The connection between the anti-cancer and senolytic activity of
dasatinib and quercetin could be exploited for therapeutic purposes (Myrianthopoulos et al.,
2019). Another promising senolytic is the FOXO4 D-retro-inverse peptide (FOXO4-DRI), which
induced apoptosis in senescent cells in vitro and in vivo by disrupting the interaction of FOX04
with p53, and it decreased several aging-associated phenotypes as well. However, the
senolytic effect of FOXO4-DRI has yet to be investigated in cancer models (Faget et al., 2019).
Furthermore, two well-known antibiotics, azithromycin and roxithromycin were also
described as novel senolytic drugs targeting senescent fibroblast cells in vitro, indicating a
promising approach to selectively eliminate senescent cells (Ozsvari et al., 2018). However,
further experiments are required to determine the mechanism of its senolytic effect and to
confirm it senolytic activity in vivo. One suggestion for its senolytic activity is that it can disrupt
the degradation of autophagosomes in the targeted cells and the senescent cells could be
more sensitive to the disruption of autophagic activity (Ozsvari et al., 2018, Renna et al.,
2011). The metabolic reprogramming of senescent cancer cells could also be exploited
selectively by treatment strategies. For example, blocking glucose utilization or autophagy
pathways led to the elimination of therapy induced senescent lymphomas and promoted in

vivo tumour regression (Dorr et al., 2013).

Senescence-targeted therapies represents a novel strategy to increase the senolytic effects
and decrease the potential side-effects of senolytic drugs by selectively targeting the
senescent cells based on the expression of a senescence marker. For example, the newly
identified senescence marker, the cell surface protein DPP4/CD26, can be a promising
senescence-specific target for anti-DPP antibody-directed immunotherapy and for enhancing
the selectivity of the previously described senolytics. In fact, it has already been described
that DPP4 selectively sensitized senescent fibroblasts to cytotoxicity by natural killer cells (Kim
et al., 2017a). The senescence-associated B-galactosidase (SA-B-gal) can also be used to
selectively target senescent cells. Recently, Cai et al. (2020) designed a prodrug that is
specifically modified by lysosomal B-gal to generate cytotoxic gemcitabine in senescent cells.

This prodrug selectively induced apoptosis in senescent cells, decreased senescence-
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associated gene expression and inflammation, and improved physical function in aged mice

(Cai et al., 2020).

The concept of intentional senescence-induction and the subsequent elimination of
senescent cancer cells as a two-hit lethal strategy has been described as a promising novel
anticancer therapy (Lee and Schmitt, 2019, Dérr et al., 2013). For example, Wang et al. (2017)
used a CRISPR-mediated genetic screen and compound screens to identify targets for
senescence induction, sensitising cancer cells to senolytic drugs, and afterwards they
demonstrated the efficacy of this two-hit strategy in mouse xenograft models as well.
According to these studies, the combination of a CDC7 inhibitor and an antidepressant agent,
sertraline, effectively induced apoptotic cell death in hepatocellular carcinoma cells and
resulted in a significant reduction of tumour growth in vivo. In this combination therapy the
CDC7 inhibitor has been used as the inducer of senescence and sertraline exhibited a senolytic
effect via the inhibition of mTOR signalling (Wang et al., 2017, Wang et al., 2019, Wang and
Bernards, 2018).

Together, these studies support the concept that involving senolytics in tumour therapies can
be of benefit, however additional studies are required to determine safety and efficacy of this
strategy. These combination therapies would be the most effective, when the cells have
reached a mature senescent phenotype but not yet have escaped from senescence, therefore
the timing of the senolytic intervention would be crucial (Sieben et al., 2018, Faget et al.,

2019).
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1.7. Dipeptidyl peptidase IV (DPP4/CD26)

Dipeptidyl peptidase IV (DPP4/CD26) is a transmembrane glycoprotein with serine
exopeptidase activity capable of cleaving polypeptides, by removing the N-terminal
dipeptides from several peptides preferably after proline or alanine. Due to this enzymatic
activity DPP4 can regulate the activity of different bioactive peptides including neuropeptides,
growth factors, incretin hormones and chemokines as well (Mentlein, 1999). The truncation
of these peptides by DPP4 either results in the alteration of receptor sensitivity or the
inactivation of receptor response, leading to decreased biological activity (Klemann et al.,
2016) (Figure 4). It is active as a homodimer, however, it also has an enzymatically active
soluble monomer form, that can be found in body fluids. It is widely expressed on epithelial
and endothelial cells with higher expression in the liver, small intestine, and kidney and on
the surface of immune cells (Boonacker and Van Noorden, 2003). Besides its enzymatic
function, DPP4 can function as an adhesion molecule for proteins such as eADA (ecto-
adenosine deaminase), which is involved in purine metabolism, and to extracellular matrix
proteins such as collagen and fibronectin (Boonacker and Van Noorden, 2003, Havre et al.,

2008).

1.7.1. Physiological functions of DPP4/CD26

CD26/DPP4 was originally identified as a T cell differentiation antigen, that is mainly
expressed on the surface of CD4+ CD45RO+ memory T cells, however, its expression is
significantly increased following T cell activation (Ohnuma et al., 2008). Besides being a
marker of T cell activation, CD26/DPP4 stimulates T cell proliferation, and it is associated with
T cell signal transduction by functioning as a costimulatory molecule. Costimulatory molecules
are defined as cell surface molecules that are able to modulate TCR-associated (T cell receptor
complex) signalling, for example, the biding of CD26 and ADA can form a complex with AB2
receptors on antigen-presenting cells, which results in the modulation of T cell functions
(Hatano et al., 2013). In addition, CD26 has also been demontrated to be related to the
transendothelial migration of T-cells (Ohnuma et al., 2008). Besides being a biomarker of T
cell activation, increased CD26 expression has been associated with B cell activation and NK
cell proliferation as well (Hatano et al., 2013, Klemann et al., 2016). As described before,

DPP4/CD26 plays a role in the regulation of cytokine activity due to its proteolytic activity.
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The post-translational modification of chemokines by DPP4/CD26 is an established regulatory
mechanism of the biological activity of chemokines (Mortier et al., 2016, Metzemaekers et
al., 2016). A wide range of chemokines has been reported to be truncated by DPP4, however,
an anaysis of catalytic parameters demonstrated a significantly increased selectivity for the
trunctaion of CXCL12/SDF1 (C-X-C motif chemokine 12/stromal cell-derived factor 1) and
CCL22 (C-C motif chemokine 22) (Lambeir et al., 2001). It has also been demonstrated that
the inhibition of DPP4 activity increased the secretion of pro-inflammatory cytokines,
including IL-6 (interleukin-6) and IL-8 (interleukin-8), indicating a role of DPP4 activity in the

regulation of inflammation (Wronkowitz et al., 2014).

Although initially CD26/DPP4 has been recognised for its potential immunologic function,
DPP4 became a well-known target for the treatment of type 2 diabetes mellitus (Herman et
al., 2007). An early proof of the therapeutic potential of DPP4 inhibition was reveal by
Marguet et al. (2000) by using a DPP4-deficient mouse model, that exhibited increased
glucose tolerance, improved balance of glucose homeostasis and elevated levels of active
GLP-1 (Glucagon-like peptide-1) (Marguet et al., 2000). GLP-1 belongs to the group of
insulinotropic incretin hormones, that is produced and secreted by intestinal endocrine cells
in response to food intake. Incretins are able to enhance insulin secretion, thus increase
glucose clearance which leads to decreased blood sugar levels, however, due to their rapid
inactivation through enzymatic cleavage by DPP4, they have a half-life of only a few minutes
(Mortier et al., 2016). Therefore, the inhibition of DPP4 has been established as a therapeutic
target to prolong the half-life of incretins, improving glucose tolerance in diabetic patients.
Sitagliptin (Januvia) is the first inhibitor that has been approved by the Food and Drug
Administration (FDA) in 2006, and currently there are nine commercially available DPP4
inhibitors known as gliptins that are approved for the treatment of type 2 diabetes mellitus
(Scheen, 2012). Although DPP4 inhibitors are well tolerated by diabetic patients, the
previously described immunologic function of DPP4/CD26 should be considered in long-term

therapies (Amori et al., 2007, Scheen, 2012).

1.7.2. Role of DPP4/CD26 in cancer

The expression of DPP4/CD26 has been investigated in various types of cancer, however, it
shows a high diversity of expression and function in different cancer cell type. Due to its
complex biological functions, DPP4/CD26 has been described as a tumour promoter and

43



tumour suppressor as well, depending on tumour localisation, cell type and tumour
microenvironment (Enz et al., 2019) (Figure 4). The role of DPP4/CD26 in tumour progression
can be attributed either to its enzymatic activity, or its connection to extracellular matrix

proteins and cell adhesion proteins, as well as its immunologic function (Havre et al., 2008).

Early studies in melanoma cells described a potential tumour suppressive function of
DPP4/CD26. They demonstrated that in melanoma, DPP4/CD26 expression is inversely
related to tumour development, reflected in high expression of DPP4/CD26 in normal
melanocytes and a decreased expression in malignant melanoma cells (Morrison et al., 1993,
Van den Oord, 1998). Similar results were described in neuroblastoma cells, where normal
neuronal cells showed a significantly higher expression of DPP4/CD26 compared to
neuroblastoma cells, and the decreased expression of DPP4/CD26 was connected to
increased cell proliferation in glioma cell lines and in high-grade glioma derived primary cell
cultures (Havre et al., 2008). Moreover, in both melanoma and neuroblastoma, the
restoration of DPP4/CD26 expression could revert the malignant phenotype (Morrison et al.,
1993, Van den Oord, 1998, Havre et al., 2008). In prostate cancer, the loss of DPP4/CD26 has
been associated with increased metastatic potential and the inhibition of DPP4/CD26 activity
resulted in enhanced invasion and metastasis of prostate cancer cells in vitro and in vivo. This
study also suggested that DPP4 suppressed the malignant phenotype of prostate cancer cells
by inhibiting bFGF (basic fibroblast growth factor) and CXCL12-mediated signalling pathways

due to its enzymatic activity (Sun et al., 2008).

On the other hand, tissue samples from patients with malignant mesothelioma has been
demonstrated to express high levels of DPP4/CD26, however, it was not detected in benign
mesothelial tissue samples, suggesting that DPP4/CD26 might have a role in the progression
of mesothelioma (Inamoto et al., 2007). Analysing the potential function of DPP4 in
mesothelioma cells revealed that DPP4 acts as an extracellular matrix binding protein, that
binds to fibronectin and collagen | (Enz et al., 2019). In addition, DPP4/CD26 has also been
described as a CSC marker and as a promising target for the treatment of malignant
mesothelioma (Ghani et al.,, 2011, Angevin et al., 2017). The cell surface expression of
DPP4/CD26 has been described as a negative prognostic marker in hematologic malignancies.
For example, in B-cell chronic lymphocytic leukaemia, high levels of CD26/DPP4 expression is

associated with increased tumour mass and clinical disease stage, moreover, it was identified
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as a stem cell marker and as a potential therapeutic target in chronic myeloid leukaemia (Cro
et al., 2009, Herrmann et al., 2014, Matuszak et al., 2016). In T cell malignancies, such asin T-
cell lymphoblastic lymphoma and T-cell acute lymphoblastic leukaemia, the cell surface
expression of CD26/DPP4 has been described as a marker for aggressiveness and it was

associated with poor prognosis and survival (Chitadze et al., 2021).

The expression of DPP4/CD26 has been intensely studied in colorectal tumours, where it was
identified as a marker of stemness (Pang et al., 2010). In colorectal tumours the expression of
CD133 is a predictive indicator of poor prognosis and it is used as a marker of cancer stem
cells (CSC) (Park et al., 2019). It has been demonstrated that DPP4/CD26 is co-expressed with
the CSC marker CD133 and the increased expression of DPP4/CD26 was associated with
migration, chemoresistance and survival in colorectal cancer cells. Moreover, isolated CD26+
cells developed distant metastasis when injected into mouse and CD26+ cells have been
found in metastatic colorectal tumours in the liver (Pang et al., 2010, Cheung et al., 2017). In
colorectal cancer patients CD26+ cells were present in both primary and metastatic tumours,
however, DPP4/CD26 expression levels were significantly elevated in patients with distant
metastasis (Davies et al., 2015). Furthermore, increased expression of DPP4/CD26 in primary
tumours was predictive of the development of metastasis and was associated with advanced
tumour staging and significantly worse overall survival of colorectal cancer patients (Lam et
al., 2014). These results were supported by a database study evaluating the effect of DPP4
inhibitors in diabetic patients diagnosed with colorectal cancer, which demonstrated that

DPP4 inhibition is associated with improved overall survival (Bishnoi et al., 2019).

In breast cancer DPP4/CD26 exhibits a heterogeneous expression pattern, depending on the
cell type and individual characteristics, moreover, high levels of DPP4/CD26 expression can
be detected in patient samples derived from both oestrogen receptor positive and negative
tumours as well (Leccia et al., 2012). Choi at el. (2015) demonstrated that the epithelial-
mesenchymal transition was enhanced by DPP4 activity via EGF (epidermal growth factor)
induced MEK/ERK and JNK/c-Jun signalling pathways in MCF-7 cells. Furthermore, in mouse
metastatic breast cancer model, tumour development was suppressed by DPP4-inhibition,
whereas the overexpression of DPP4 resulted in increased tumour formation (Choi et al.,
2015). Consistent with these observations, the upregulation of CD26/DPP4 was detected in

metastatic breast cancer cells in vitro and in ex vivo metastatic breast cancer tumour explants
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as well (Donnenberg et al., 2018). It has been suggested that the role of DPP4/CD26 in the
metastasis of breast cancer is connected to its extracellular matrix binding ability, which can
increase the adhesion of breast cancer cells, leading to the formation of metastasis (Enz et

al., 2019).

As described before that DPP4/CD26 can function as a tumour suppressor or tumour
promoter in different tumour types, however, in certain types of cancer both functions has
been reported. For example, it has been reported that non-small lung cancer cells present
lower expression of DPP4/CD26 compared to normal lung epithelial cells, however, Jang et al.
(2019) found a significantly higher expression of DPP4/CD26 in lung adenocarcinoma samples
compared to normal tissues (Jang et al.,, 2019, Zhang et al., 2021). Moreover, the DPP4-
inhibitior vildagliptin has been demonstrated to reduce lung cancer growth possibly via the
regulation of macrophage and NK cell activity, and DPP4-inhibition was associated with
improved overall survival of lung cancer patients (Jang et al., 2019, Bishnoi et al., 2019).
Similarly to the these observations, DPP4/CD26 is expressed in normal endometrial cells and
down-regulated in endometrial adenocarcinoma cells, although, DPP4 activity has also been
associated with increased proliferation and tumorigenesis of endometrial carcinoma cells

(Khin et al., 2003, Yang et al., 2017b, Yang et al., 2021).

Although DPP4/CD26 has been described as a prognostic marker in different types of cancer
and a marker of cancer stem cells in colorectal cancer, DPP4/CD26 is rarely used as a
therapeutic target in cancer treatment. However, a humanized anti-CD26 IgG1 monoclonal
antibody (YS110) has been developed for the treatment of mesothelioma and it
demonstrated preclinical anti-tumour and it was well tolerated by mesothelioma patients
(Angevin et al., 2017). Furthermore, in renal cell cancer (RCC) DPP4 inhibitor treatment
decreased tyrosine kinase inhibitor (TKI) resistance in vitro and in vivo, and DPP4 inhibitors
increased the efficacy of TKI treatment in type 2 diabetes patients suffering from RCC
(Kamada et al.,, 2021). Results from clinical database studies demonstrated that DPP4
inhibition is associated with improved overall survival of diabetic patients diagnosed with
colorectal and lung cancer (Bishnoi et al., 2019). Although, regarding the risk of developing
metastasis opposing effect of DPP4-inhibitors has been described. In certain cases DPP4

inhibitor therapy was not associated with a higher risk of metastasis (Rathmann and Kostev,
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2017, Noh et al.,, 2019), however, in other cases DPP4 inhibitors increased the risk of

metastasis in diabetic patients (Wang et al., 2016a).

Altogether, DPP4/CD26 expression has been identified as a promising therapeutic target and
as a diagnostic biomarker in different types of cancer. However, further experimental and
clinical studies would be essential to better understand the functional role of DPP4/CD26 in
different tumour types and to repurpose DPP4 inhibitors for cancer treatment (Havre et al.,

2008, Enz et al., 2019).
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Figure 10. Different functions of DPP4/CD26 activity. The figure presents various
functions of DPP4, such as T-cell activation, regulation of cytokine activity, GPL-1
(glucagon-like peptide-1), tumour suppression and tumour promotion, based on its role in
the regulation of bioactive peptides. Figure was created with BioRender.
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1.8. Challenges and limitations in the investigation of therapy-induced
senescence in cancer —Summary

Although cellular senescence has been described as a one of the main hallmarks of cancer,
and there is growing evidence about its detrimental effect on the outcome of cancer
therapies, the impact of therapy induced senescence (TIS) is rarely considered in the clinical
treatment of cancer. The detection of senescence in patient samples represents one of the
main challenges in the investigation of TIS. Despite the significant progression in the in vitro
identification and investigation of senescent cancer cells, clinically applicable diagnostic tests
to detect senescent cells in cytological or histological samples with high levels of confidence
are still lacking. The in vivo assessment of senescence is limited by the heterogeneity of
senescent phenotypes, the intrinsic complexity of tumours and the non-specific expression of
senescence-associated proteins in cancer cells. Therefore, identifying new markers and
developing the in vivo detection of senescent cancer cells are crucial to improve the diagnostic
and therapeutic strategies used in clinical settings. The heterogeneity of senescent
phenotypes results in high variability of experimental results, originating from studies based
on different tumour types and different mechanisms of senescence-induction, which
represents a major obstacle to better understand the impact of TIS in cancer treatment, and
to therapeutically target senescent cancer cells. Although cellular senescence has been
originally defined as an irreversible form of cell cycle arrest, in TIS models the emergence of
proliferative senescence-escaped cells was reported by several research groups, challenging
the definition of senescence. This contradiction with senescence definition limits the number
of studies, that are focused on the mechanisms and consequences of senescence-escape. The
investigation of the characteristics of senescent cancer cells and the underlying mechanism
of senescence-escape is essential to better understand the impact of TIS in cancer therapy,

and to identify potential targets to eliminate senescent cancer cells.
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2. Aims

Despite the general concept that senescence plays a tumour-suppressive role in various
settings, the presence of senescent cells in cancer could be potentially detrimental, leading
to therapy resistance and tumour relapse. Investigating the characteristics of senescent
cancer cells in response to different senescence-inducing drugs could help to better
understand the role of therapy-induced senescence in cancer treatments, and to identify
potential targets to eliminate senescent cancer cells. Although there are numerous reports
about the effect of therapy-induced senescence (TIS) in cancer, its impact on cancer therapy
is still rarely considered in clinical settings; and some aspects of the topic, such as senescence-

escape, are still not completely understood.

The aim of this research project is to investigate the characteristics of senescent cancer cells
using in vitro TIS and senescence-escape models, and to investigate potential markers and

treatment strategies, that could be exploited to improve the outcome of cancer therapies.
The objectives of the project are:

I.  Optimising, analysing and comparing different in vitro models for therapy-induced
senescence using breast cancer cells
1. Inducing senescence in MCF-7 and MDA-MB-231 human breast cancer cells
using bromodeoxyuridine (BrdU), gemcitabine (GEM) and Palbociclib (PALBO)
2. Analyse and compare the expression of different senescence markers, such as
cell morphology, SA-B-galactosidase expression, cell cycle/proliferation arrest
and cytokine (SASP) secretion
II.  Developing a two-hit treatment strategy using azithromycin as a senolytic drug
1. Treat BrdU-, GEM- and PALBO-induced senescent cells with azithromycin and
analyse its senolytic effect by SRB assay
2. Investigate the effect of azithromycin in autophagic degradation by
immunostaining assay
lll.  Investigating the cell surface protein DPP4 (Dipeptidyl peptidase-4; CD26) as a marker

of cellular senescence in cancer and identifying its potential function
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Measure the expression of DPP4/CD26 on the surface of BrdU-, GEM- and
PALBO-induced senescent cells

Silencing the expression of DPP4 in MCF-7 and MDA-MB-231 cells and
investigate its effect on senescence-induction and the expression of
senescence markers (cell morphology, proliferation arrest, SA-B-gal

expression)

IV.  Establishing a method to quantify and isolate senescence-escaped cells for further

investigations

1.
2.

Establishing a method for the quantification of senescence-escape
Investigate the effect of DPP4 silencing in senescence-escape by using the
previously established method

Isolate senescence-escaped cells for functional assays, such as mammosphere

formation assay, migration assay and colony formation assay

These research objectives are expected to:

e contribute to the better understanding of in vitro senescence and senescence-escape

models, potentially explaining the variability of results in the research field,

o validate the effect of azithromycin in senescent cancer cells, that could be included

in a treatment strategy to improve the effect of cancer therapies.

e validate a new marker of senescence, that could be included in cancer diagnostics for

identifying senescent cancer cells,

e and contribute to the comprehensive investigation of senescence-escape in cancer.
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3. Materials and Methods

3.1 Cell lines and cell culturing

MCF-7, MDA-MB-231, MCF-10A and MRC-5 human cell lines were obtained commercially
from the ATCC. MCF-7 and MDA-MB-231 breast cancer cells were maintained in Dulbecco’s
Modified Eagle Medium, High glucose (DMEM, Sigma) supplemented with 10% Heat
Inactivated (HI) FBS (Gibco), 1% Glutamax (100X, Gibco), and 1% Penicillin-Streptomycin
(Gibco). MCF-10A breast epithelial cells were maintained in Mammary Epithelial Cell Growth
Medium (MEGM, Lonza) supplemented with 0.4% bovine pituitary extract (BPE), 0.1% insulin,
0.1% hEGF, 0.1% hydrocortisone, 0.1% GA-1000, and 100 ng/ml of cholera toxin. MRC-5
fibroblast cells were maintained in Minimum Essential Medium (MEM, Sigma) supplemented
with 10% HI FBS (Gibco), 1% Glutamax (100X, Gibco), and 1% Penicillin-Streptomycin (Gibco).
All the cell lines were maintained in a humidified incubator at 37°C and 5% CO;. To seed the
cells for experiments, culture medium was removed, cells were washed with sterile
phosphate buffered saline (1X PBS, Gibco) and detached with Trypsin-EDTA solution (Sigma).
Cells were collected by centrifugation (1200 RPM, 5 minutes) and resuspended in culture
medium. Cell numbers were counted by BioRad TC20 Automated Cell Counter using 0.4%(v/v)

Trypan Blue staining (Gibco) to exclude dead cells from cell counting.

3.2 Senescence-induction and treatments

Cells were seeded at an empirically determined density that allowed logarithmic growth
during the senescence-inducing period, without limitation of cell growth due to reaching
confluency. For senescence induction in MCF-7 and MDA-MB-231 cells, cells were treated
with bromodeoxyuridine (BrdU), gemcitabine (GEM) or Palbociclib (PALBO). The
concentrations and incubation times were determined empirically for both cell lines by
monitoring the alteration of cell morphology, growth arrest and cell death (apoptotic cell
morphology, detachment of the cells) using microscopic examination. The aim was to induce
a relatively homogeneous senescence phenotype in both cell lines, avoiding the induction of
substantial amount of cell death. The final senescence-inducing treatment strategies are

described below. Two days after seeding, MCF-7 cells were treated with 5 uM BrdU for 7 days
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or 500 nM PALBO for 14 days, applying the treatment with every medium change (every 2-3
days); or MCF-7 cells were treated with 100 nM GEM for 24 hours and incubated in fresh
medium without GEM for 7 days for senescence induction. One day after seeding, MDA-MB-
231 cells were treated with 50 uM BrdU for 7 days, 200 nM GEM for 7 days or 1 uM PALBO
for 14 days, applying the treatment with every medium change (every 2-3 days). Senescent
MCF-7/MDA-MB-231 cells were treated with azithromycin (AZl) and chloroquine (CQ) for 72
hours; or sitagliptin (SITA) for 10 days, applying the treatment with every medium change
(every 2-3 days), using the concentrations indicated in each experiment. Bromodeoxyuridine,
Palbociclib and azithromycin were dissolved in sterile dimethyl sulfoxide (DMSO);
gemcitabine, chloroquine and sitagliptin were dissolved in sterile distilled water. All

compounds were purchased from Sigma-Aldrich.

3.3 Fluorogenic SA-B-galactosidase staining

1-2x10° cells/well were seeded in 6-well plates and treated with selected compounds to
induce senescence or cultured without treatment (control cells). The expression of SA-B-
galactosidase was detected with CellEvent™ Senescence Green Flow Cytometry Assay Kit
(Thermo Fisher, Invitrogen). After senescence induction, cells were trypsinised, collected and
resuspended in PBS at a concentration of 2-5 x 10° cells per sample. The collected samples
were centrifuged (5 minutes at 1200 RPM) and resuspended in 100-200 pl of 4%(v/v)
paraformaldehyde (PFA, diluted in PBS) and incubated for 10 minutes at room temperature
in dark. To prepare the working solution, the Senescence Green Probe (C12FDG) was diluted
x1000 in the pH6 Senescence Buffer provided in the kit. After fixing the samples, the cells
were washed with 3 ml of 1%(w/v) bovine serum albumin (BSA, Sigma) dissolved in PBS,
resuspended in 100-200 pl of pre-warmed (37°C) working solution and incubated for 1.5 hours
at 37°C without COz in dark. After incubation, working solution was removed and the cells
were washed twice with 3 ml of ice-cold PBS to stop the staining reaction. 2x10* single cells
were recorded and analysed by Attune NxT Flow Cytometer. The results were evaluated by

FlowJo software.
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3.4 Chromogenic SA-B-galactosidase staining

The expression of SA-B-galactosidase was detected with Senescence B-galactosidase Staining
Kit (Cell Signaling). Senescent and control (untreated) cells were seeded in 96-well optical-
bottom plates (Thermo Scientific) at a density of 1x10*cells/well. After 48 hours the medium
was removed, the cells were washed twice with PBS and fixed with Fixative Solution (provided
in the kit) diluted 10x in distilled water, incubated for 15 minutes at room temperature in
dark. The working solution was prepared prior to use by mixing 1x Staining Solution, Solution
A, Solution B and X-gal solution (20 mg of X-gal dissolved in 1 ml DMSO) according to
manufacturer instructions. The pH of the solution was adjusted to pH 6 using NaOH and HCI
solutions. After fixation, cells were washed twice with PBS and incubated with the working
solution for 6 hours at 37°C without CO;. After incubation, the working solution was removed,
cells were washed twice with PBS and stained with 1 uM Hoechst solution (Thermo Fisher)
diluted in PBS for 15 minutes at room temperature in dark. After the removal of Hoechst
staining, cells were washed with PBS and imaged with EVOS FL Auto Imaging System (Thermo

Fisher).

Images were analysed with ImagelJ software. The percentage of SA-B-galactosidase expressing
cells were calculated as the number of SA-B-gal positive cells divided by the total cell number,
based on X-gal and Hoechst staining, respectively. The cell numbers were counted by Image)
software by applying a counting mask adjusted to the appropriate thresholds based on

unstained samples (Figure 5).
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Figure 13. Evaluation of chromogenic (X-gal) SA-B-galactosidase staining by Imagel.
Images on the left represent the original image of X-gal staining (brightfield) and Hoechst
staining (DAPI channel) imaged by EVOS Auto Imaging System using magnification of 20X.
Images on the right represent the count masks generated by setting up a colour/intensity
threshold for positive staining by Imagel) software. The count masks were used to
automatically count the positively stained cells by Imagel software. SA-B-galactosidase
staining was evaluated by using the formula presented above the images.

3.5 Immunostaining for imaging

MCF-7/MDA-MB231 cells with or without treatment were seeded in 96-well optical-bottom
plates (Thermo Scientific) at a density of 1x10* cells/well. Cells were incubated for 48 hours
to allow them to attach well onto the plate. For staining, medium was removed, and cells
were washed twice with PBS before fixing them with 4% paraformaldehyde (Thermo Fisher,
PFA diluted in PBS) for 15 minutes at room temperature in the dark. After, cells were washed
twice with PBS and incubated with 0.3%(v/v%) Triton-X100 (Sigma) diluted in 1%(w/v%) BSA
(Sigma) for 15 minutes at room temperature to permeabilise the cells. After permeabilization,
cells were incubated with 1% BSA for 30 minutes at room temperature to block the samples.
For BrdU staining, an additional DNA denaturing step was added after the cells had been fixed.
DNA was denatured by 20 minutes incubation with 1M HCI, at 40°C, and samples were
washed twice with 0.1M borate buffer pH 8.0 (1.9 g sodium tetraborate and 5 g boric acid
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dissolved in water) for 10 minutes to remove the HCl and neutralise the pH. Cells were
labelled with primary antibodies against Ki67 (1:250, SP6, 300 ug/ml, Thermo Fisher
Invitrogen), BrdU (1:50, IIB5, 200 pg/ml, Santa Cruz) or yH2AX phospho-5139 (1:500, 9F3,
1mg/ml, Abcam) diluted in 1% BSA for 1 hour at room temperature on a microplate shaker
(180 RPM). After, samples were washed three times with PBS and incubated with secondary
antibodies conjugated with fluorescent compounds (1:1000, Alexa Fluor Plus 488 — anti-
mouse, Alexa Fluor 594 — anti-rabbit, Alexa Fluor 594 — anti-mouse, 2 mg/ml, Thermo Fisher
Invitrogen) diluted in 1% BSA for 30 minutes at room temperature in dark, on a microplate
shaker (180 RPM). After incubation, the cells were washed three times with PBS and
incubated with 1 uM Hoechst solution (Thermo Fisher) diluted in PBS for 15 minutes at room
temperature in dark. After the removal of Hoechst staining, cells were washed twice with PBS
and imaged with EVOS FL Auto Imaging System using magnification of 10X or 20X. Images
were analysed with Imagel software. Background was removed uniformly by Imagel

software.

For imaging the cells with higher magnification (40X), the cells were seeded on round
coverslips (15 mm diameter) in a 24-well plate at a density of 4x10%cells/wells. Cells were
incubated for 48 hours to allow them to attach well onto the coverslips. After staining with
secondary antibodies, the coverslips were removed from the 24-well plate and mounted on
glass slides using 10 pl mounting medium with DAPI staining (Vector labs). Samples were
imaged the following day with EVOS FL Auto Imaging System (Thermo Fisher) using

magnification of 40X, and the images were analysed with Imagel software.

3.6 Immunostaining for flow cytometry

Cells were trypsinized, collected and centrifuged (5 minutes, 1200 RPM) in 5 ml test tubes.
Cell pellets were fixed by adding ice-cold 70% (v/v%) ethanol and the samples were kept in -
20°C at least overnight. Before the staining samples were thawed, centrifuged (5 minutes,
1200 RPM) and washed with 1 ml of 1% BSA (w/v%, dissolved in PBS) to remove the remaining
ethanol. Cells were incubated with primary antibodies (100 pl/2-5x10° cells) against yH2AX
(1:500, phospho S139, 9F3, 1mg/ml, Abcam) or Ki-67 (1:250, SP6, 300 pg/ml, Thermo Fisher
Invitrogen) diluted in 1% BSA for 30 minutes at room temperature. After the incubation,

samples were vortexed and centrifuged with an additional 2 ml of 1% BSA to remove the

55



primary antibody. After the removal of primary antibodies, cells were incubated with
secondary antibodies conjugated with fluorescent compounds (1:1000, Alexa Fluor Plus 488
— anti-mouse, Alexa Fluor 660 — anti-rabbit, 2 mg/ml, Thermo Fisher Invitrogen) diluted in 1%
BSA for 30 minutes at room temperature in dark. After the incubation, samples were vortexed
and centrifuged with an additional 2 ml of 1% BSA to remove the secondary antibody. Cells
were resuspended in 1% BSA with a concentration of 5x10° cells/500 ul, and 2x10* single cells
were recorded and analysed by Attune NxT Flow Cytometer. The results were evaluated by
FlowJo software. The gates for positively stained cells were adjusted by using samples
incubated only with secondary antibodies (without primary antibodies), representing the

gating threshold for the positively stained cells.

3.7 Cell cycle analysis

Cell-cycle analysis was performed by flow cytometry using the double-staining of Ki-67
expression and propidium iodide (PI) nuclear DNA stain. After the immunostaining with Ki-67
antibody (described above), cells were stained with of Muse™ Cell Cycle Assay buffer (200
ul/5x10° cells) containing Pl stain (Luminex) for 20 minutes at room temperature, protected
from light. After incubation, 300 pl/5x10° cells of PBS were added to each sample. 2x10* single
cells were recorded and analysed by Attune NxT Flow Cytometer applying automatic
compensation. Samples were manually categorized into cell-cycle stages and evaluated by
FlowJo software. The detailed gating strategy is described and presented in the results (Figure

8).

3.8 DPP4/CD26 staining for flow cytometry

1-2x10° cells/well were seeded in 6 well plates and treated with selected compounds to
induce senescence or cultured without senescence-inducing treatment (control cells). For the
staining, cells were trypsinised, collected and resuspended in 1% BSA dissolved in PBS with a
concentration of 3-5x 10° cells/sample. After, cells were centrifuged (5 minutes, 1200 RPM)
and resuspended in 100 pl staining solution with antibodies against DPP4/CD26 conjugated
with phycoerythrin CD26-PE (1:100, 2A6, 0.1 mg/ml, Invitrogen) diluted in 1% BSA and
incubated for 30 minutes on ice protected from light. After incubation, samples were

centrifuged (5 minutes, 1200 RPM) with 1 ml additional PBS and washed twice with PBS to
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remove the unbound antibodies. Cells were resuspended in 1% BSA with a concentration of
5x10° cells/500 pl, and 2x10* single cells were recorded and analysed by Attune NxT Flow
Cytometer. Results were evaluated by FlowlJo software. The background fluorescence
intensity was determined by unstained samples and was subtracted from the fluorescence

intensity of stained samples.

3.9 Sulphorhodamine B (SRB) assay

For cell viability and cell growth assays 1x10* cells/100 ul were seeded in 96-well plates. For
growth assays, cells were incubated without changing the medium, and fixed after 24-, 48-,
72- and 96-hours. For cell viability assays, 24 hours after seeding the medium was replaced
with fresh medium and the cells were treated with selected compounds, using the
concentrations and incubation times indicated in each experiment. At the end of the
treatment the medium was removed, and cells were washed once with PBS. After, cells were
fixed with 10%(v/v%) trichloroacetic acid (TCA) for 1 hour at 4°C, stained with 0.4%(w/v%)
Sulphorodamine B (SRB, Sigma) dissolved in 1%(v/v%) acetic acid for 15 minutes, and washed
three times with 1% acetic acid and dried for at least 2 hours. The incorporated dye was
dissolved in 10 mM Tris-HCI pH 8.8 buffer (Trizma Base, Sigma) solution and the absorbance
were read using a plate reader (Thermo Fisher, Varioskan™ LUX microplate reader) at 565

nm. Data was analysed in Excel and GraphPad Prism.

3.10 Crystal violet staining

Crystal violet staining assay was performed to assess senescence-escape. 1-2x10° cells/well
were seeded in 6 well plates and treated with selected compounds to induce senescence.
After senescence induction, cells were incubated without treatment for 10 days, allowing
them to restart proliferation and form colonies of senescence-escaped cells. After, the
medium was removed, and cells were fixed in 70% ethanol for 10 minutes at room
temperature. After fixation, cells were stained with 0.2% (v/v%) crystal violet solution (Sigma)
diluted in 70% ethanol for 30 minutes at room temperature. The staining solution was
removed, and the plates were washed with water and dried overnight. The cells were imaged
with EVOS FL Auto Imaging System (Thermo Fisher), and the number of colony-forming

senescence-escaped cells were quantified with ImageJ software.
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3.11 Silencing of DPP4/CD26

1.5x10°8 293Ta packaging cells (human embryonic kidney cells) were seeded in four T75 flasks
48 hours before they were transfected with lentiviral vectors encoding three different clones
for DPP4 siRNA (small interfering RNA) (HSH004434-LVRV6GP-a, HSH004434-LVRV6GP-b,
HSH004434-LVRV6GP-c) and a scrambled vector (HSH004434-LVRV6GP), using Lenti-Pac™
HIV Expression Packaging Kit (Genecopoeia). For transfection 2.5 pg of each lentiviral siRNA
expression plasmid and 5.0 pl of Lenti-Pac HIV mix (Genecopoeia) were diluted in 200 pul of
Opti-MEM (Gibco). After, 15 pl of EndoFectin Lenti reagent (Genecopoeia) diluted in 200 pl of
Opti-MEM was added dropwise to the DNA solution and gently mixed. The mixture was
incubated for 20 minutes at room temperature to form the DNA-EndoFectin complex, then
directly added to each flask. Cells were incubated overnight (8-14 hours), and the medium
was replaced with 10 ml of fresh medium supplemented with 20 ul of TiterBoost reagent
(Genecopoeia). 48 h after transfection, lentivirus-containing culture medium was collected
and centrifuged (10 minutes, 500 g), and the supernatant was filtered through a 0.45 um
syringe filter (Merck) and stored at -80°C or used immediately for the transduction. 5x10°
MCF-7 or MDA-MB-231 cells were seeded in T25 flasks and cultured until they reached 70-
80% confluence. For transduction, 3 ml of lentivirus-containing medium diluted with 3 ml of
culture medium was added to the target MCF-7 or MDA-MB-231 cells in the presence of 5
ug/ml polybrene (Santa Cruz). Mock control cells were treated only with 5 pg/ml polybrene
diluted in 6 ml culture medium. Cells were incubated overnight and incubated in fresh
medium until they reached 80-90% confluence. Each of the plasmids used for the experiment
encoded a puromycin-resistance gene, therefore the transduced cells were resistant to
puromycin, but the mock control cells remained sensitive to it. The transduced cells were
selected with a concentration of 1 pg/ml (empirically determined concentration) of
puromycin (Sigma) until mock control cells were eliminated. Cells transduced with
HSH004434-LVRV6GP-a clone were selected to be used in subsequent experiments by
measuring the efficacy of silencing by flow cytometer, labelled as DPP4 siRNA. Cells

transduced with scrambled vector were used as experimental controls, labelled as ctrl siRNA.
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3.12 LysoTracker staining

1-2x10° cells/well were seeded in 6 well plates and treated with selected compounds to
induce senescence or cultured without the senescence-inducing treatment (control cells). For
the staining, cells were trypsinised, collected and resuspended in culture medium with a
concentration of 3-5x 10° cells/sample. After, cells were centrifuged (5 minutes, 1200 RPM)
and resuspended in 1 ml staining solution with LysoTracker Deep Red (Invitrogen) diluted to
50 nM in culture medium and incubated for 20 minutes at 37°C. After incubation, samples
were centrifuged (5 minutes, 1200 RPM) and washed twice with PBS. Cells were resuspended
in 1% BSA with a concentration of 5x10° cells/500 ul, and 2x10* single cells were recorded and
analysed by Attune NxT Flow Cytometer. Results were evaluated by FlowJo software. The
background fluorescence intensity was determined by unstained samples and was subtracted

from the fluorescence intensity of stained samples.

3.13 Western blot analysis

1-2x10° cells/well were seeded in 6 well plates and treated with selected compounds to
induce senescence or cultured without senescence-inducing treatment (control cells). After
the removal of cell culture medium, cells were washed twice with cold PBS. Proteins from
cells were extracted by RIPA lysis buffer (Sigma) complemented with cOmplete™ ULTRA
Tablets Protease Inhibitor Cocktail (Sigma) and PhosSTOP™ Phospatese Inhibitors (Sigma) and
cell debris and proteins were collected by using a cell scraper, and incubated for 30 minutes
at 4°C, with agitation. Cell debris was removed by centrifugation (10 minutes, 12000 RPM,
4°C) and the supernatant (protein extraction) was collected and stored at -20°C. Protein
concentration was evaluated by Pierce™ BCA Protein Assay Kit (Thermo Fisher). 5 ul of protein
samples and protein standards (known concentrations of proteins provided in the kit) were
added to 200 pl of working solution/well (50:1 mixture solution A and solution B provided in
the kit) in a 96 well plate, and incubated for 30 minutes at 37°C. Absorbance was measured
at 562 nm, using a plate reader (Thermo Fisher, Varioskan™ LUX microplate reader), and
protein concentration was evaluated in Excel, based on the standard curve generated by

measuring the standard proteins with known concentrations.
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20 ug of protein samples were mixed with 8 pl of NUPAGE™ LDS Sample Buffer (4X, Invitrogen)
and additional distilled water to equalize sample volumes, and incubated for 10 minutes at
98°C. After, protein samples were cooled down and subjected to electroporation (100 V, ~1
hour) through 4-20% Mini-PROTEAN® TGX™ Precast Protein Gels (50 pl wells, Bio-Rad), and
electroblotted onto a nitrocellulose blotting membrane (0.2 um) using Trans-Blot Turbo
Transfer System (Bio-Rad). Premixed 10x Tris/glycine/SDS running buffer (Bio-Rad) diluted to
1x in distilled water was used as running buffer, and PageRuler™ Plus Prestained Protein
Ladder (Thermo Fisher) was used as size standards. Transfer efficiency was examined by
Ponceau S Staining Solution (Thermo Fisher). Membranes were washed three times with PBST
(1x PBS, 0.1% (v/v%) Tween-20 detergent solution (Thermo Fisher)) and blocked with 5%
(w/v%) BSA dissolved in PBS for 1 hour at room temperature. Membranes were incubated
overnight at 4°C with primary antibodies against DPP4/CD26 (1:300, D6D8K, Cell Signaling),
p16'NK4a (1:500, 1D7D2, Invitrogen) and B-actin (1:3000; Sigma). After incubation, membranes
were washed three times with PBST. Membranes were incubated with HRP-linked secondary
antibodies (anti-rabbit and anti-mouse IgG, 1:3000, Cell Signaling) for 1 hour at room
temperature, and washed three times with PBST. Proteins were revealed by using SuperSignal

West Pico chemiluminescent substrate (Thermo Fisher) and Syngene G:BOX imaging system.

3.14 CellTrace CFSE (carboxyfluorescein succinimidyl ester) staining

0.8-1.6x10° cells were seeded in T75 flasks or 1-2x10° cells were seeded in 6 well plates,
depending on the experiment, and treated with selected compounds to induce senescence
or cultured without senescence-inducing treatment (control cells). After, medium was
removed and cells were washed with DPBS (Dubecco’s phosphate-buffered saline with
calcium and magnesium, Gibco) and incubated with 5 uM CellTrace CFSE dye (5 mM, dissolved
in DMSO, Thermo Fisher) diluted in DPBS for 20 minutes in the cell culture incubator. After
the incubation, the staining solution was removed, and cells were washed with culture

medium and incubated in fresh medium for 10 (senescent cells) or 4 (control cells) days.

3.15 Fluorescence-activated cell sorting (FACS)

After CellTrace CFSE staining, cells were collected, centrifuged, resuspended in pre-sort buffer

(BD Biosciences) at a concentration of 1x10° cells/ml. Cells were filtered through a 40 pm cell
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strainer (Fisherbrand) before sorting them with Sony SH800S Cell Sorter (Sony
Biotechnology). The gates were adjusted to separate senescent and senescence-escaped cells
by using senescent cells stained with CellTrace CFSE. The detailed sorting strategy is described
and presented in the results and supplementary figures (Figure 27-28, Supplementary Figure
11). For migration and mammosphere assays cells were sorted in tubes containing medium
without FBS or mammosphere medium, collected by centrifugation (1200 RPM, 5 minutes)
and resuspended in the appropriate culture medium (detailed below). For colony formation

assay cells were sorted directly in the 6-well plates filled with complete medium (DMEM).

3.16 Migration assay

After sorting, MCF-7 cells were seeded in Falcon™ Cell Culture Inserts (PET membrane with 8
um pores, for 24 well plates) at a concentration of 5x10%cells/500 pl medium without FBS and
placed in the wells of 24-well plate filled with 500 pl medium without FBS. Cells were serum-
starved for 4 hours, and then the medium in the bottom of the 24-well plates was replaced
with medium containing 10% FBS as chemoattractant. The inserts were incubated for 24
hours in the incubator, allowing the cells to migrate to the other side of the membrane. MDA-
MB-231 cells were seeded in Falcon™ Cell Culture Inserts at a concentration of 1x10%cells/500
ul medium without FBS and placed in the wells of 24-well plate filled with 500 pl medium with
10% FBS. The inserts were incubated overnight in the incubator, allowing the cells to migrate
to the other side of the membrane. Before staining, medium and cells were removed from
the internal side of the insert using a cotton swab. The insert was placed in 70%(v/v%) ethanol
for 10 minutes to fix the migrated cell on the external side of the insert. Migrated cells were
stained with 0.2%(v/v%) crystal violet solution (Sigma) diluted in 70% ethanol for 30 minutes
at room temperature. The staining solution was removed, and the inserts were washed with
water and dried overnight. Membranes were imaged with EVOS FL Auto Imaging System

(Thermo Fisher), and images were evaluated with Image) software.

3.17 Mammosphere formation assay

To prepare 6-well plates for the mammosphere formation assay, 12 g of poly-HEMA was
dissolved in 1 | of 95% ethanol and 2 ml of dissolved poly-HEMA was added to each well of

the plates. The plates were incubated for 3 days at 50°C to create a coating on the bottom of
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the wells. After sorting, cells were centrifuged (5 min, 1200 RPM), resuspended in
mammosphere medium (DMEM-F12 medium without phenol red (Gibco) complemented
with 2%(v/v%) B-27 supplement (Gibco), 20 ng/ml EGF (Invitrogen) and 1% Penicillin-
Streptomycin (Gibco)) plated at a density of 5000 cells/well in 6-well plates coated with 2-
hydroxyethylmethacrylate (poly-HEMA, Sigma) with mammosphere medium. Cells seeded in
the coated plates were grown for 5 days in the incubator, and mammospheres bigger than 50

um were counted using an eye piece graticule of the microscope.

3.18 Colony formation assay

For colony formation assay, cells were seeded in 6-well plates filled with 2 ml culture medium
with a density of 1000 cells/well (MCF-7) or 500 cells/well (MDA-MB-231) and incubated in
the incubator for 14 days. After incubation cells were stained with crystal violet, following the
fixation and staining method described before (crystal violet staining). The number of colonies

were quantified with Imagel software.

3.19 Enzyme-linked immunosorbent assay (ELISA)

The secretion of IL-6, IL-8 and CXCL12A (SDF-1a) were measured from cell culture medium
using ELISA kits (Invitrogen). 1-2x10° cells were seeded in 6 well plates,and treated with
selected compounds to induce senescence or cultured without senescence-inducing
treatments (control cells). After senescence induction, cells were incubated with fresh
medium for 4 days. For collecting control samples, the medium was changed 24 hours after
seeding and the cells were incubated for 4 days. After 4 days, the culture medium was
collected, centrifuged (1000 g, 10 minutes, 6°C) to remove any cells/cell debris, and the
supernatant was collected and used immediately or stored at -80°C in small aliquots. The cells
remaining in the plates were trypsinized and cell numbers were counted by BioRad TC20
Automated Cell Counter using 0.4% Trypan Blue staining (Gibco). The levels of IL-6, IL-8 and
CXCL12A (SDF-1a) were detected by ELISA kits (Invitrogen) according to manufacturer
instructions. Briefly, standard solutions were prepared with known concentrations of each
protein and experimental samples were diluted in sample dilution buffer (Invitrogen) as
necessary. Standards and samples were added to the antibody-coated wells and incubated

alone or together with the biotin conjugate (Invitrogen). The plate was incubated at room
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temperature using the incubation times indicated in each protocol (for each cytokine) and
washed three times with wash buffer (Invitrogen). After, freshly diluted streptavidin-HRP
solution (Invitrogen) was added to the wells and incubated at room temperature using the
incubation times indicated in each protocol (for each cytokine). After incubation, wells were
washed three times with wash buffer and incubated with stabilized chromogen solution
(Invitrogen) for 30 minutes at room temperature in dark. After, stop solution (Invitrogen) was
added to the wells to stop the reaction and the absorbance was read by a plate reader
(Thermo Fisher, Varioskan™ LUX microplate reader) at 450 nm. Background signals were
measured from fresh culture medium and subtracted from each value. The results were

guantified by using a standard logarithmic curve and normalised by the cell numbers.

3.20 Statistical analysis

All the experiments were repeated at least 3 times with 2-3 technical replicates, or as
indicated in figure legends. All data are represented as the mean + standard error of the mean
(SEM) represented as error bars in the graphs, except for the analysis of the immunostaining
of LC3B and p62 expression, where the mean + standard deviation is represented in the
graphs. Data normality was assessed by Shapiro-Wilks test. For statistical analysis of pairwise
comparisons (two groups) two-tailed unpaired T-test was used with statistical significance set
at P <0.05. For multiple group comparisons (3< groups) one-way ANOVA test corrected with
Dunnett’s multiple comparison test was used, with statistical significance set at P < 0.05. All

statistical analysis were performed by using GraphPad Prism software.
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4. Results

4.1 Senescence induction in MCF-7 cells

4.1.1 Establishing and analysing TIS models using bromodeoxyuridine (BrdU),
gemcitabine (GEM) and Palbociclib (PALBO) in MCF-7 cells

The first objective of the project was to develop and analyse different cellular models of
therapy-induced senescence (TIS) in cancer cells. Therefore, MCF-7 breast cancer cells were
treated with three different drugs, namely bromodeoxyuridine (BrdU), gemcitabine (GEM)
and Palbociclib (PALBO), that have been described as potential senescence-inducers
(Masterson and O'Dea, 2007, Modrak et al., 2009, Leontieva and Blagosklonny, 2013).
Initially, the effect of BrdU, GEM and PALBO was tested on the cell viability of MCF-7 cells to
determine the drug concentration to use for senescence-induction (Figure 6.A). The aim was
to arrest the proliferation of the cells without inducing significant amount of cell death. The
cell viability was measured by SRB assay. The 1Cso of BrdU was 1 mM, the 1Cso of GEM was
more than the highest tested concentration (100 uM) and the ICsp of PALBO was 10 pM,
however, apoptosis and proliferation arrest are not distinguishable with cell viability test
(Figure 6.A). Based on these results and the relevant literature, the optimal drug
concentrations and incubation times were empirically determined and described in detail in
the Methods section. Briefly, to induce senescence in MCF-7 cells, the cells were treated for
7 days with 5 uM BrdU and 100 nM GEM, and 14 days with 500 nM PALBO. To confirm the
induction of senescence, different markers of cellular senescence were examined. First, the
morphology of the cells was examined under the microscope (Figure 6.B) and using the
measurements of forward scatter (FSC) and side scatter (SSC) by flow cytometry (Figure 6.B).
Compared to the control cells, the BrdU- and GEM- and PALBO-induced senescent cells had a
flattened shape and larger size, however, the shape of the PALBO-induced senescent cells
was more similar to the control (Figure 6.B). Increased value of FSC/SSC measured by flow
cytometry is a label-free method, that has been used to identify senescent cells based on their
increased cell size (FSC) and granularity (SSC) (Jonchere et al., 2015, Bertolo et al., 2019).
Compared to control cells FSC/SSC values were both significantly increased in all of the
senescent models; however, the SSC values were increased more than the FSC (Figure 6.C).

To investigate whether these three drugs induce DNA-damage as a senescence-inducing
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mechanism, the expression of yH2AX (phosphorylated form of H2A histone family member
X), a highly specific marker to detect double-stranded DNA damage, was analysed by flow
cytometry (Mah et al., 2010). After senescence induction with BrdU ~15% of the cells
expressed yH2AX, while the ~80% of GEM-induced senescent cells expressed yH2AX (Figure
6.D), this increased expression was detectable even after 2 days of BrdU/GEM treatment
(Supplementary Figure 1.A). PALBO-induced senescent cells did not have a significant

increase of yH2AX-expression compared to the control cells (Figure 6.D).
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Figure 16. Senescence induction in MCF-7 cells. (A) The cell viability of MCF-7 cells was
measured by SRB assay after 72 hours treatment of BrdU, GEM and PALBO using different
drug concentrations. Experiments were repeated three times with six technical replicates,
values were normalised to vehicle-treated controls, error bars represent + SEM. (B)
Representative images of control and BrdU-, GEM- and PALBO-induced senescent MCF-7
cells. Cells were fixed and stained with crystal violet, imaged by EVOS with 10x
magnification, scale bars indicate 500 um. (C) The cell size and granularity of MCF-7 cells
were measured by the mean signal intensity of FSC and SSC by flow cytometry, values were
normalised to non-senescent MCF-7 cells. (D) The expression of yH2AX is represented as
the percentage of positively stained cells compared to the total population. The gates for
vH2AX-positive cells were adjusted by using unstained cells. Bar graphs represent the
mean of three independent experiments + SEM. Statistical significance (in relation to
control): ns p > 0.05; * p<0.05; ** p<0.01; *** p<0.001; **** p <0.0001.
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The increased expression of senescence-associated B-galactosidase (SA-B-Gal) is the most
frequently used marker to detect senescent cells, and it can be measured by using
chromogenic (X-Gal) and fluorescent (C12FDG) substrates as well (Matjusaitis et al., 2016).
Measured by both methods, SA-B-Gal expression was significantly increased in the senescent
cells compared to the control cells, with the highest expression detected in the PALBO-
induced senescent cells (Figure 7.A, Figure 7.B, Figure 7.C). The lack of proliferation is an
essential characteristic of senescent cells, and it can be detected by proliferation markers,
such as Ki-67 (Gonzalez-Gualda et al., 2021). Measured by flow-cytometry, the number of Ki-
67 expressing cells was significantly decreased after senescence induction, however, ~20% of
BrdU-treated, ~5% of GEM-treated and ~10% of PALBO-treated cells still expressed Ki-67
(Figure 7.D). Despite these small populations of cells that remained positive for Ki-67 staining
after senescence-inducing treatment, according to a cell proliferation assay (measured by

SRB) after BrdU-, GEM and PALBO-treatment MCF-7 cells stopped proliferating (Figure 7.E).

Although there are numerous studies about the effects of SASP (senescence-associated
secretory phenotype) in cancer, the senescent cancer cell-derived secretory factors has been
rarely investigated (Faget et al., 2019). Therefore, to better characterise the senescence-
phenotype induced in MCF-7 cells, we assessed and compared the secretion of three SASP
factors (IL-6, IL-8 and CXCL12) in BrdU-, GEM- and PALBO-induced senescent MCF-7 cells
(Figure 7.F). As described before, these three cytokines are well-known SASP factors with a
potential a role in cancer progression (Lambeir et al., 2001, Wronkowitz et al., 2014, Faget et
al.,, 2019). Figure 7.F shows that the secretion of IL-6, IL-8 and CXCL12 was significantly
increased in BrdU- and GEM-induced senescent MCF-7 cells, but interestingly, there was no
significant difference in PALBO-induced senescent MCF-7 cells compared to non-senescent
(control) cells (Figure 7.F). In more details, IL-6 and CXCL12 had a higher expression in GEM-
induced senescent MCF-7 cells, while the expression of IL-8 was increased more after BrdU
treatment (Figure 7.F). It is important to note that MCF-7 cells had a very low (less than 1

pg/ml/100000 cells) basal expression of IL-6, IL-8 and CXCL12 (Figure 7.F).

Based on the assessment of senescence-markers, such as the altered cell morphology
(increased cell size, flattened shape, increased granularity), the increased SA-B-Gal
expression, decreased Ki-67 expression and SASP secretion (IL-6, IL-8, CXCL12) we confirmed

the establishment of senescence models in MCF-7 cells. The results of yH2AX-expression
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indicates that in MCF-7 cells GEM induced senescence via DNA-damage induction, whereas
BrdU and PALBO induced senescence through different mechanisms, independently from
DNA-damage induction. Furthermore, our results suggested that the SASP secretion of
senescent MCF-7 cells were dependent on the mechanism of senescence-induction, and

PALBO-induced senescent cells did not show SASP secretion.
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Figure 19. Analysis of senescence-markers in MCF-7 cells. (A) Representative images of
control and BrdU-, GEM- and PALBO-induced senescent MCF-7 cells. Cells were fixed and
stained with X-gal, imaged by EVOS with 20x magnification, scale bars indicate 100 um.
The blue colour indicates SA-B-galactosidase activity. (B) Quantification of Figure 7.A. The
expression of SA-B-galactosidase is represented as the percentage of positively stained
cells compared to the total population. For the quantification of total cell number cells
were co-stained with Hoechst nuclear stain. The number of positively stained cells and
total cell numbers were quantified by Imagel software, counting masks were adjusted
manually based on unstained cells. (C) The SA-B-galactosidase expression of MCF-7 cells is
represented as mean fluorescence intensity (MFI) of FDG staining measured by flow
cytometry, values were normalised to the MFI of non-senescent MCF-7 cells. (D) The
expression of Ki-67 is represented as the percentage of positively stained cells compared
to the total population. The gates for Ki-67-positive cells were adjusted by using unstained
cells. Bar graphs represent the mean of three independent experiments + SEM. (E) Cell
proliferation of control and senescent MCF-7 cells was measured by SRB assay at different
time-points, values were normalised to the baseline values measured 24 hours after cell
seeding and represented as fold change. Graph represents the mean of two independent
experiments + SEM. (F) The secretion of IL-6, IL-8 and CXCL12 was measured by ELISA
assay. The cells were seeded in 6 well plates and cultured for 4 days before collecting the
culture medium containing the secreted cytokines. The graphs represent the amount of IL-
6, IL-8 and CXCL12 as pg/ml/cells, quantified by known-concentrations of standards and
normalised by cell numbers. Experiments were repeated with two technical replicates, bar
graphs represent the mean of three independent experiments + SEM. Statistical
significance (in relation to control): ns p > 0.05; * p < 0.05; ** p <0.01; *** p <0.001; ****
p < 0.0001.

4.1.2 Analysing the cell cycle of senescent MCF-7 cells by the double staining of Ki-67
expression and DNA-content (PI)

To further characterise the proliferation arrest in the senescent cells, cells were co-stained
with Ki-67 and propidium-iodide (PI) (Figure 8.A). Ki-67 is expressed in the nucleus during all
active phases of the cell cycle (G1, S, G2, and mitosis), but is absent from resting/quiescent
(GO0) and growth-arrested/senescent cells; while DNA-staining (PI) can differentiate between
the GO/G1, S and G2/M phases of the cell cycle (Scholzen and Gerdes, 2000, Kim and
Sederstrom, 2015). Cells without Ki-67 expression, but with >2N DNA content has been
described to represent the population of cells, that was arrested during the transition from S-
G2-M phase (G2-arrest) (Miller et al., 2018). The double staining of Ki-67 expression and PI
provides a method for more detailed cell cycle analysis by generating the following cell cycle
categories: GO/G1 arrest (2N, Ki-67 negative), G1 phase (2N, Ki-67 positive), S phase (>2N, Ki-
67 positive), G2/M phase (4N, Ki-67 positive) and G2 arrest (>2N, Ki-67 negative) (Figure 8.A).

This cell cycle analysis does not differentiate between quiescent (GO) and senescent (G1-
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arrest) population, however, it has been demonstrated before that based on the expression
of different senescence markers, the BrdU-, GEM- and PALBO- treated cells are in a senescent

state (Figure 6, Figure 7).

According to the results of cell cycle analysis, the number of cells in G1-arrest and G2-arrest
was significantly increased after senescence-induction using BrdU, GEM and PALBO
treatment, while the number of cells associated with active proliferation (G1-S-G2-M) was
significantly decreased (Figure 8.B-C). The cell cycle analysis indicated that ~70% of the
senescent cells has been arrested in G1 phase, and ~15% of BrdU-and PALBO-treated, and
~30% of GEM-treated cells has been arrested in G2 phase (Figure 8.C). This proliferation arrest
can be visualised by nuclei-staining as well, due to the characteristic distribution of DNA-
staining in senescent cells (senescence-associated heterochromatin foci, SAHF) (Swanson et
al., 2015, Aird and Zhang, 2013). Staining the nuclei with DAPI, the senescent cells had a larger
nucleus with the characteristic pattern of SAHF (senescence-associated heterochromatin
foci), and stain-free areas, indicating the visible nucleolus during interphase, while the non-
senescent control cells showed a more uniform distribution of DAPI-staining (Figure 8.D,
Supplementary Figure 1.C). The cell cycle analysis can also provide indicative information
about apoptosis and polyploidy. Reduced (sub-G1 phase) or increased (>4N) DNA content can
indicate apoptotic and polyploid cells, which can be detected by flow cytometry (Plesca et al.,
2008, Coward and Harding, 2014). Regarding the senescent models, GEM-treatment
increased the sub-G1 population of MCF-7 cells, but compared to the control, there was no
significant difference in the number of polyploid cells after senescence-inducing treatments
(Supplementary Figure 6.A-C). Consistent with the increased y-H2AX expression induced by
GEM-treatment (Figure 6.D), the increased sub-G1 population after can indicate apoptotic

cells in GEM-induced senescent cells.

Based on these results, the double staining of Ki-67 expression and DNA content (Pl) could be
useful to analyse the cell cycle of senescent cells by distinguishing the cell-cycle arrested cells
from the proliferating cells. The detection of cell cycle arrest and the characteristics of
senescent nuclear morphology (increased size of the nucleus, SAHF) further confirms the

senescence phenotype of BrdU-, GEM- and PALBO-treated MCF-7 cells.
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Figure 22. Cell cycle analysis of senescent MCF-7 cells. Representative figures of control
MCF-7 cells showing the gating strategy used for analysing of cell cycle. Cells were
manually categorised to cell-cycle stages based on their DNA content detected by PI
staining, and the gates for Ki-67-positive cells were adjusted by using AB ctrl cells (stained
only with secondary antibodies). (B) Representative figure of the cell cycle analysis of
control, BrdU-, GEM- and PALBO-induced senescent MCF-7 cells using Ki-67 and PI
staining. (C) The upper graph represents the percentage of cells in each category of cell
cycle compared to the total cell population. * The category of G2 arrested cells were based
on the research of Miller et al. (2018). Bar graphs represent the mean of three independent
experiments + SEM. Statistical significance (in relation to control): ns p > 0.05; * p < 0.05;
**p<0.01; *** p<0.001; **** p <0.0001. The bottom graph represents the distribution
of cell cycle categories in control, BrdU-, GEM- and PALBO-induced senescent MCF-7 cells.
(D) Representative images of nuclei staining of control and senescent MCF-7 cells. Cells
were fixed and stained with DAPI nuclei stain, imaged by EVOS using 20x magnification,
scale bars indicate 100 um.
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4.2 Evaluation of senescence-escape

4.2.1 Establishing a method to quantify senescence-escape using Ki-67 and crystal-
violet staining

Another objective of the project was to establish a method to quantify senescence-escape,
that can be used for further investigations. As described before, Ki-67 is not expressed in
senescent cells, but it is expressed in actively growing cells. Therefore, it could be a potential
marker to detect cells that re-entered the cell cycle after senescence-induction and escaped
from senescence. Firstly, to confirm the correlation of senescence induction and the
decreased expression of Ki-67, the incorporation of BrdU was compared with the expression
of Ki-67 using co-immunostaining of MCF-7 cells with BrdU and Ki-67 antibodies (Figure 9.A).
For this experiment we hypothesised that the rate of BrdU-incorporation is proportional to
the rate of senescence-induction in the cells. The percentage of BrdU-incorporated cells time-
dependently increased, and after 7 days treatment, nearly 100% of the cells were positively
stained for BrdU. The percentage of Ki-67 expressing cells were inversely proportional,
reaching its minimal expression after 7 days of BrdU treatment (Figure 9.B). Based on this
result, the decreasing expression of Ki-67 is a suitable marker to detect the development of
senescence phenotype, and due to connection of Ki-67 expression with active cell

proliferation, it could be a potential marker to detect senescence-escape.
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Figure 25. Analysis of BrdU incorporation and Ki-67 expression in MCF-7 cells. (A)
Representative images of nuclei staining with DAPI, BrdU-incorporation and Ki-67
expression. Cells were fixed at different time points during senescence induction by BrdU-
treatment, stained by immunostaining and imaged by EVOS using 20x magnification.
Control represents day 0 of BrdU-treatment, scale bars indicate 100 um. (B) The graph
represents the percentage of cells stained positively for BrdU or Ki-67 compared to the
total cell number (DAPI staining). The number of positively stained cells (BrdU, Ki-67) and
total cell numbers (DAPI) were quantified by Image) software, counting masks were
adjusted manually based on unstained cells. The graph represents the mean of three
independent experiments + SEM.

To create senescence-escaped cells, after senescence-induction MCF-7 cells were incubated
without the senescence-inducing drug, allowing cells to escape from senescence. For most of
the experiments, cells were incubated in drug-free medium for 10 days to generate sufficient
number of senescence-escaped cells for accurate detection (Figure 10.A, Supplementary
Figure 3). Compared to senescent cells, senescence-escaped cells had an increased
expression of Ki-67, indicating that they regained their proliferative capacity (Figure 10.B).
During senescence-escape, MCF-7 cells form small colonies of Ki-67 expressing cells, that
could be easily visualised by crystal-violet staining and quantified by counting the number of
crystal-violet stained senescence-escaped colonies (Figure 10.C-D). The increase in cell
proliferation during senescence-escape can also be detected and quantified by flow
cytometry, by using the number of cells positively stained for Ki-67 compared to the total cell
number, expressed as percentage of Ki-67 expressing cells (Figure 10.E). These methods for
the detection and evaluation of senescence-escaped cells provides a basis for a quantitative
approach to investigate senescence-escape. In subsequent experiments, the number of
colonies consisting of senescence-escaped cells and the percentage of Ki-67 expressing cells

are used to quantify the senescence-escaping ability of the cells.
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Figure 28. Evaluation of senescence-escape in MCF-7 cells. (A) Schematic figure
representing the workflow of senescence induction in MCF-7 cells. (B) Representative
images demonstrating the increase of Ki-67 expression in BrdU-induced senescence-
escaped MCF-7 cells compared to the senescent cells. (C) Representative images
demonstrating the colony-forming Ki-67-positive senescence-escaped cells. Arrows
indicate the senescence-escaped cells. Cells were stained by immunostaining, imaged by
EVOS using 20x magnification, scale bars indicate 100 um. (D) Representative images of
senescence-escaped colonies of MCF-7 cells stained with crystal violet. Image on the left
was taken by EVOS using 10x magnification, arrow indicates the senescence-escaped
colony. Image on the right shows a representative well of a 6-well plate, in which the
number of senescence-escaped colonies could be quantified. (E) Representative figure of
evaluating senescence-escape in BrdU-induced senescent MCF-7 cells, based on Ki-67
expression measured by flow cytometry. The figures demonstrate the adjustment of gates
based on AB control cells (antibody control, stained only with the secondary antibody),
that represent the background staining. The cells were categorised to Ki-67 negative (blue)
and Ki-67 positive (red) populations.
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4.2.2 Comparing senescence-escape in BrdU-, GEM- and PALBO-induced senescent
MCF-7 cells

To compare the senescence-escaping ability of BrdU-, GEM- and PALBO-induced senescent
cells, the escaping MCF-7 cells were monitored for 10-12 days. Our results showed that
senescence-escaped cells started to appear ~7 days after the removal of BrdU/GEM,
interestingly, the PALBO-induced senescent cells started to escape from senescence shortly
(~3 days) after the removal of PALBO, indicated by the increased number of cells with non-
senescent (normal) morphology (Figure 11.A). Analysing the percentage of Ki-67 expressing
cells confirmed that the number of senescence-escaped cells started to increase ~5-7 days
after senescence-induction with BrdU and GEM, however, the initial expression of Ki-67, as
presented before, was different depending on the drug used to induce senescence (Figure
11.B). The analysis also confirmed that PALBO-induced senescent cells regained their
proliferative capacity even after 3 days of incubation with drug-free medium, indicating that
PALBO-treatment induced a less stable growth-arrest compared to the BrdU- and GEM-
treatment (Figure 11.B). After senescence-escape, the morphology of the cells changed
gradually, becoming smaller and less flattened, looking identical to control (non-senescent)
MCF-7 cells, and the size of the colonies formed by senescence-escaped cells was gradually
increased (Figure 11.C). Based on these results, BrdU- and GEM-treatment induced a more
stable but reversible cell cycle arrest in MCF-7 cells compared to PALBO-treatment, that
induced only a transient growth-arrest. Due to this transient growth-arrest induced by PALBO-
treatment, PALBO-induced senescent cells might not be a suitable model to study
senescence-escape, therefore in subsequent experiments senescence-escape was assessed

only in BrdU- and GEM-induced senescent cells.
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Figure 31. Senescence-escape in BrdU-, GEM- and PALBO-induced senescent MCF-7 cells.
(A) Representative images of the senescence-escape of BrdU-, GEM- and PALBO-induced
senescent MCF-7 cells, imaged at different time points after the removal of senescence-
inducing drug. Images were taken by EVOS using 10x magnification and phase-contrast,
(B) Analysis of senescence-escape based on the percentage of Ki-67-expressing cells
compared to the total cell number measured by flow cytometry at different time points.
Arrow indicates the removal of treatment representing day 0. The graph represents the
mean of three independent experiments + SEM. (C) Representative images of senescence-
escape demonstrating the appearance of senescence-escaped colonies at different time
points after treatment removal. Arrows indicate the senescence-escaped cells. Cells were
stained with crystal violet, imaged by EVOS using 10x magnification, scale bars indicate
500 pm.
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4.3 Developing a two-hit treatment strategy using azithromycin as a
senolytic drug

4.3.1 Validating the senolytic effect of azithromycin on senescent MCF-7 cells

The second objective of the project was to develop a two-hit treatment strategy using
azithromycin as a senolytic drug. The two-hit treatment strategy consist of a senescence-
inducing drug (first hit) and a senolytic drug (second hit) that eliminates the senescent cancer
cells (Figure 12.A). Azithromycin was described as a novel senolytic drug, selectively targeting
senescent fibroblast cells, however its effect has not been tested in senescent cancer cells
(Ozsvari et al., 2018). To test its senolytic effect in senescent cancer cells as well, senescent
MCF-7 cells were treated with azithromycin for 72 hours using the concentration of 50 uM,
75 uM and 100 uM, based on the concentrations that had been used to target senescent
fibroblasts. Based on the cell viability assays, azithromycin concentration-dependently
decreased the viability of senescent MCF-7 cells, however, at lower concentration (50 uM) it
had a significant effect only on GEM-induced senescent cells, but not on BrdU- and PALBO-
induced senescent cells (Figure 12.B). Comparing the three senescent models, the PALBO-
induced senescent cells were less affected by the azithromycin treatment, which had a
significant effect only at 100 uM concentration. Although using 100 uM azithromycin
decreased the viability of control MCF-7 cells to ~80%, the viability of BrdU- and PALBO-
induced senescent cells were reduced to ~50%, and the viability of GEM-induced senescent
cells was ~30%, indicating that the senescent cells were more sensitive to the treatment
(Figure 12.B). As mentioned before, apoptosis and proliferation arrest are not distinguishable
with cell viability test, however, based on the previous results demonstrating that senescent
cells stopped proliferating (Figure 7.D, 8.C, Supplementary Figure 2.A), the decrease of cell
viability of senescent cells indicates cell death. Although further experiments should be
conducted to investigate the induction of apoptosis in senescent cancer cells after
azithromycin treatment. The toxicity of azithromycin was tested on MCF-10A non-malignant
breast epithelial cells, showing that azithromycin treatment is not toxic to normal epithelial
cells, and a reduction of cell viability was only detected at higher (2750 uM) concentrations
(Figure 12.C). Based on these results, the senolytic effect of azithromycin could be exploited
in cancer treatment to reduce the number of senescent cancer cells generated by cancer

therapy.
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Figure 34. Two-hit treatment strategy using the senolyitic effect of azithromycin. (A)
Representative figure of the two-hit strategy, first hit: cancer therapy, resulting in
apoptosis and senescence-induction, second hit: senolytic therapy, resulting in the
elimination of senescent cancer cells. (B-C) The cell viability of control, BrdU-, GEM- and
PALBO-induced senescent MCF-7 cells (B) and MCF-10A cells (C) was measured by SRB
assay after 72 hours treatment of azithromycin. Experiments were repeated three times
with six technical replicates, values were normalised to vehicle-treated controls (DMSO),
error bars represent + SEM. Statistical significance (in relation to control): ns p > 0.05; * p
<0.05; ** p<0.01; *** p<0.001; **** p <0.0001.

4.3.2 Investigating the effect of azithromycin on autophagy in MCF-7 cells

Besides its antibiotic effect, azithromycin has been described to have an impact on autophagic
processes as well, which could be a potential mechanism explaining its senolytic effect (Renna
et al., 2011, Ozsvari et al., 2018). Measuring the expression of LC3B (LC3-Il, microtubule-
associated protein 1 light chain 3) and p62/SQSTM1 (sequestosome-1) is a widely used
method to study autophagic flux in mammalian cells. LC3B/LC3-Il is localised to autophagic
membranes, and its expression correlates with the number of autophagosomes (Runwal et

al., 2019). p62/SQSTM1 is an adaptor protein of selective autophagy, and is itself degraded

78



by autophagy, therefore, the reduced expression of p62 indicates induced autophagy, and
the accumulation of p62 together with LC3B is an indicator of autophagy inhibition (Jiang and
Mizushima, 2015). According to our results, azithromycin (AZI) treatment increased the
expression of both LC3B and p62/SQSTM1, indicating that it inhibited autophagy in both
control and senescent MCF-7 cells (Figure 13.A). The effect of azithromycin was compared
with chloroquine (CQ), which has a well-known effect to inhibit autophagy by interrupting the
fusion of autophagosomes with lysosomes and it has been described to act as a senolytic in
several studies (Mauthe et al., 2018). As expected, CQ treatment of control and senescent
MCF-7 cells increased the expression of both LC3B and p62, however, the expression of LC3B
was higher and the expression of p62/SQSTM1 was lower compared to the effect of AZI
(Figure 13.B). The analysis of immunostaining revealed that LC3B and p62/SQSTM1 was
expressed heterogeneously in the AZI/CQ treated cell populations, especially in the senescent
cells (Figure 13.C, Supplementary Figure 4.A). The analysis also confirmed that the expression
of LC3B was increased more after CQ treatment, while the expression of p62/SQSTM1 showed
a higher increase after AZI treatment (Figure 13.C, Supplementary Figure 4.A). Based on
these results, AZI and CQ demonstrated a similar effect on autophagic processes in control
and senescent MCF-7 cells. Based on the evaluation of LC3B and p62 expression, both AZl and
CQ treatment inhibited autophagy, however, the different levels of increase in LC3B and p62
expression suggests a different mechanism of action of AZlI and CQ. The heterogeneous
expression of both markers in response to AZIl treatment indicates a heterogeneous response
of senescent MCF-7 cells to AZI treatment, which could be responsible for the ~50% of
surviving senescent cell populations measured by cell viability assay after 72 hours AZI

treatment (Figure 12.B).

The effect of chloroquine (CQ) was tested on the viability of control and senescent MCF-7
cells as well to assess its senolytic activity. According to the cell viability assay (SRB), CQ
treatment did not have a selective effect on BrdU-induced senescent cells, and it showed
lower selectivity (the ratio of the affinity of a compound towards an off-target cell
type/molecule relative to the targeted cell type/molecule) towards GEM- and PALBO-induced
senescent cells compared to azithromycin (Figure 12.B, Figure 13.D). The toxicity of CQ was

tested on MRC-5 human fibroblast cells, and compared to azithromycin treatment, MRC-5
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cells were more sensitive to chloroquine treatment (Figure 13.E). These results indicate that

AZI could be more suitable to use as a senolytic drug in cancer treatment compared to CQ.
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Figure 37. Effect of azithromycin and chloroquine treatment. (A-B) Representative
images of LC3B and p62/SQSTM1 immunostaining of control, BrdU-, GEM- and PALBO-
induced senescent cells after 48 hours of 100 uM azithromycin (A) and 50 uM chloroquine
(B) treatment. By using the same imaging settings for each condition, in untreated MCF-7
cells (DMSO) the signal intensity was below the detection threshold. Cells were imaged by
EVOS using 20x magnification, scale bars indicate 100 um. (C) Analysis of LC3B and
p62/SQSTM1 expression in control, BrdU-, GEM- and PALBO-induced senescent cells after
azithromycin or chloroquine treatment. Experiments were repeated three times with two
technical replicates. The graphs represent the relative fluorescent unit (RFU) multiplied by
the signal area based on the analysis of fluorescent signal intensity of 30 cells for each
condition (10 cells from each experimental replicates) measured by Imagel software. Error
bars represent mean + SD. Graphs representing the RFU without the signal area are
included in supplementary (Supplementary Figure 3.A). (D) The cell viability of control,
BrdU-, GEM- and PALBO-induced senescent MCF-7 cells was measured by SRB assay after
72 hours treatment of chloroquine. Experiments were repeated three times with six
technical replicates, values were normalised to vehicle-treated controls, error bars
represent + SEM. Statistical significance (in relation to control): ns p > 0.05; * p <0.05; **
p £0.01; *** p <0.001; **** p <0.0001. (E) The cell viability of MRC-5 cells was measured
by SRB assay after 72 hours of treatment with azithromycin (AZl) or chloroquine (CQ). The
bars highlighted indicate the highest concentrations that has been used for the treatment
of senescent MCF-7 cells. Experiments were repeated two times with six technical
replicates, values were normalised to vehicle-treated controls, error bars represent £ SEM.

4.3.3 Investigating senescence-escape after AZIl treatment of senescent MCF-7 cells

Although azithromycin treatment decreased the viability of senescent cells, ~50% of BrdU-
and PALBO-induced senescent cells, and ~30% of GEM-induced senescent cells remained
viable after the treatment with 100 uM AZI (Figure 12.B). Moreover, 5 days treatment with
100 uM AZI did not decrease the viability of senescent cells more than the 3-days treatment,
indicating that a population of senescent MCF-7 cells could be resistant to AZI treatment
(Figure 14.A). To test whether these remaining cells are able to escape from senescence, the
Ki-67 expression of the cells along with the cell numbers (cell concentration) were measured
10 days after the removal of AZI treatment (Figure 14.B). According to the results, BrdU- and
GEM-induced senescent cells were able to escape after AZI treatment, however, the Ki-67
expression was significantly decreased in the BrdU-induced senescent cells compared to the
non-treated (without AZl) senescent cells, but not in GEM-induced senescent cells (Figure
14.B). Regarding the non-senescent MCF-7 cells, azithromycin treatment did not affect the
Ki-67 expression of control cells, indicating that after the removal of AZI the cell proliferation
rate of MCF-7 cells remained unchanged (Figure 14.B). The evaluation of cell concentration

of BrdU- and GEM-induced senescent cells with or without AZIl treatment showed that after
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10 days drug-free incubation the number of AZI-treated senescence-escaped cells were
significantly reduced compared to the number of senescence-escaped without AZI treatment
(Figure 14.C). The decreased number of senescence-escaped cells would normally indicate
decreased senescence-escaping ability, however, AZI treatment can influence the number of
senescence-escaped cells by decreasing the number of senescent cells (as demonstrated
before) (Figure 12.B). Due to this effect of AZI treatment, the decreased number of
senescence-escaped cells is more likely to be a result of decreased cell viability rather than
decreased senescence-escaping ability (Figure 14.C). PALBO-induced senescent cells, as
demonstrated before (Figure 11.A-B), can continue their growth shortly after the removal of
PALBO, and although the AZI treatment decreased the viability of PALBO-induced senescent
cells, it did not decrease the senescence-escaping ability of the remaining cell population
(Supplementary Figure 9.C). These results indicate that although AZI reduced the viability of
senescent MCF-7 cells, the surviving cells can escape from senescence and regain their

proliferative capacity.
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Figure 40. Analysis of senescence-escape after azithromycin treatment. (A) The cell
viability of control, BrdU-, GEM- and PALBO-induced senescent MCF-7 cells was measured
by SRB assay after 3 days and 5 days of treatment with azithromycin. Experiments were
repeated three times with six technical replicates, values were normalised respectively to
vehicle-treated (DMSO) control BrdU-, GEM- and PALBO-induced senescent cells (B)
Control and senescent MCF-7 cells were treated with DMSO or 100 uM AZI for 72 hours.
After, control cells were incubated 3 days without AZl, and senescent cells were incubated
10 days without AZIl. The senescence-escaping ability of the cells was assessed by Ki-67
staining. The expression of Ki-67 is represented as the percentage of positively stained cells
compared to the total population. The gates for Ki-67-positive cells were adjusted by using
unstained cells. (C) The cell concentrations were measured by flow cytometry using the
samples from the measurement of Ki-67 expression represented as count/ul (cell
number/ul). The samples were collected with the same volume; therefore the cell
concentration is proportional to the cell numbers of each sample. Values were respectively
normalised to the untreated BrdU- and GEM-escaped cells. Bar graphs represent the mean
of three independent experiments + SEM. Statistical significance: ns p > 0.05; * p < 0.05;
**p<0.01; *** p<0.001; **** p <0.0001.
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4.4 Investigating the expression and function of dipeptidyl peptidase-
4 (DPP4/CD26) in senescent MCF-7 cells

4.4.1 Analysing the expression of DPP4/CD26 in senescent MCF-7 cells

The third objective of the project was to investigate the cell surface protein DPP4/CD26 as a
marker of senescence in cancer and to identify its function in senescence. Although
DPP4/CD26 was identified as a marker of senescence in fibroblast cells, its expression and
potential function has not been investigated in senescent cancer cells (Kim et al., 2017a).
Firstly, the expression of DPP4/CD26 was measured in control MCF-7 cells and in BrdU-, GEM-
and PALBO-induced senescent cells by flow cytometry (Figure 15.A). Based on the results,
senescent cells had a significantly increased expression of DPP4/CD26, demonstrated in a ~4-
5-fold increase in PALBO- and GEM-induced senescent cells, and a ~10-fold increase in BrdU-
induced senescent cells (Figure 15.A). Similar increase of DPP4/CD26 expression in senescent
MCF-7 cells was detected by western blot as well (Supplementary Figure 2.A). To further
confirm the connection between the increased expression of DPP4/CD26 and senescence, the
expression of DPP4/CD26 was monitored for 14 days, compared to the expression of SA-B-
Gal (Figure 15.B). Both markers showed a time-dependent increase of expression; however,
the levels of their increase were different in each senescent model, showing a maximal
expression of DPP4/CD26 after 14 days of BrdU treatment (Figure 15.B). Based on these
results, the expression of DPP4/CD26 is significantly increased in senescent cells, however,
the levels of increase were dependent on the drugs used for senescence-induction. The
expression of DPP4/CD26 was time-dependently increased during senescence-induction,
indicating a strong connection between DPP4/CD26 expression and the development of

senescence-phenotype.
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Figure 43. Analysis of DPP4/CD26 expression in senescent MCF-7 cells. (A) The expression
of CD26 was measured by flow cytometry, represented as mean fluorescence intensity
(MFI) of CD26-PE staining. Values were normalised to the MFI of non-senescent (control)
MCF-7 cells. (B) The expression of SA-B-galactosidase and CD26 in control, BrdU-, GEM-
and PALBO-induced senescent MCF-7 cells was measured at different time-points by flow
cytometry. The SA-B-galactosidase and CD26 expression is represented as mean
fluorescence intensity (MFI) of FDG, and CD26-PE staining measured separately by flow
cytometry, values were normalised to the MFI of non-senescent MCF-7 cells. Bar graphs
represent the mean of three independent experiments + SEM. Statistical significance (in
relation to control): ns p > 0.05; * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001.

4.4.2 Silencing the expression of DPP4 in MCF-7 cells

To investigate the potential function of DPP4/CD26 in senescence, senescent MCF-7 cells with

silenced expression of DPP4 (DPP4 siRNA) were generated by lentiviral vector-mediated gene

silencing. The silencing was confirmed by both western blot and flow cytometry (Figure 16.A-

B). However, the silencing of DPP4 expression had no effect on cell proliferation, and it did

not affect the expression of SA-B-Gal and lysosomal mass in senescent cells (Figure 16. C-E).

Due to the GFP-expression of the transduced cells, the fluorogenic SA-B-Gal staining (FDG)

could not be detected, therefore the assessment of lysosomal mass was used as an additional

marker, that could be quantified easier than chromogenic SA-B-Gal staining (X-gal) (Figure
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16.E). These results indicate that although the expression of DPP4/CD26 is increased in

senescent cells, its expression is not essential for senescence-induction in MCF-7 cells.
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Figure 46. Effect of DPP4 silencing on the senescence-induction in MCF-7 cells. The
expression of DPP4 was silenced in MCF-7 cells by lentiviral vector-mediated gene
silencing, cells were labelled as DPP4 siRNA. Cells transduced with scrambled vector were
used as experimental controls, labelled as ctrl siRNA. (A) Representative images of western
blot analysis of control and senescent MCF-7 cells, demonstrating the silencing of DPP4
expression. (B) CD26 expression is represented as mean fluorescence intensity (MFI) of
CD26-PE staining measured by flow cytometry, values were normalised to the MFI of non-
senescent ctrl siRNA cells and represented as fold change. (C) Cell proliferation was
measured by SRB assay at different time-points, values were normalised to the baseline
values measured 24 hours after cell seeding and represented as fold change. Graph
represents the mean of three independent experiments + SEM. (D) Representative images
of BrdU-, GEM- and PALBO-induced senescent ctrl siRNA and DPP4 siRNA cells. Cells were
fixed and stained with X-gal, imaged by EVOS with 20x magnification, scale bars indicate
100 pm. The blue colour indicates SA-B-galactosidase activity. (E) Lysosomal content is
represented as mean fluorescence intensity (MFI) of LysoTracker deep red staining
measured by flow cytometry, values were normalised to the MFI of non-senescent ctrl
siRNA cells. Bar graphs represent the mean of three independent experiments + SEM.
Statistical significance: ns p > 0.05; * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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4.4.3 Investigating the role of DPP4/CD26 in senescence-escape in MCF-7 cells

To investigate whether the expression of DPP4/CD26 has a role in senescence-escape, the
senescence-escaping ability of DPP4-silenced (DPP4 siRNA) senescent cells was analysed by
Ki-67 and crystal violet staining and compared with control senescent cells (ctrl siRNA). As
described before, due to the transient growth-arrest/senescence induced by PALBO-
treatment (Figure 11.A-B), PALBO-induced senescent cells might not be a suitable model to
study senescence-escape, therefore senescence-escape was assessed only in BrdU- and GEM-
induced senescent cells. The adjustment of gates for the measurement of Ki-67 expression by
flow cytometry is presented in Supplementary Figure 7.A. Consistent with the previous
observation that DPP4 is not required for senescence-induction in MCF-7 cells (Figure 16),
DPP4 silencing did not change the Ki-67 expression in control and senescent (BrdU/GEM) cells
(Figure 17.A, Supplementary Figure 7.A). However, the proportion of Ki-67 expressing cells
was significantly decreased in the senescence-escaped DPP4 siRNA cells compared to ctrl
siRNA senescence-escaped cells (Figure 17.A, Supplementary Figure 7.A). According to our
previous results, the silencing of DPP4 did not affect cell proliferation (Figure 16.C), therefore
the decreased Ki-67 expression could indicate the decreased ability of senescent cells to
regain their proliferative capacity. It is important to note, that although the percentage of Ki-
67 expressing cells indicates the proportion of senescence-escaped (actively proliferating)
cells, it does not give an information about the actual number of escaping-cells. To better
demonstrate the difference in the senescence-escaping ability of DPP4 siRNA and ctrl siRNA
senescence-escaped cells, the analysis of Ki-67 expression was combined with the
measurement of cell numbers after senescence-escape (Figure 17.B-C). Based on this
combined assessment, the number of senescence-escaped cells were significantly decreased
to ~70% in BrdU-induced and to ~30% in GEM-induced senescent DPP4 siRNA cells compared
to ctrl siRNA cells (Figure 17.C). These results were similar to the results of crystal violet
staining, that showed that the silencing of DPP4 expression significantly reduced (~40%) the
formation of senescence-escaped colonies in both BrdU- and GEM-induced senescent cells,
while the colony formation ability of control cells were not affected by DPP4 silencing (Figure
12.D-E). Based on these results we concluded that DPP4 silencing decreased the senescence-

escaping ability of BrdU- and GEM-induced senescent MCF-7 cells. However, further

87



experiments are needed to identify the molecular pathways that could mediate the effect of

DPP4 expression in senesce-escape.
A D

Ki-67 expression
100%

Ctrl SiRNA Control Brdu
T
80% I B DPP4siRNA <
o 4
N o« -
= RS 2.3
S 6% — 8
,g *
= T
g 40% -
S ns s z 4 g
A ns @ . 5 il
20% | 2 = 3§
N . £ ol
0%
Control BrduU GEM BrdU esc GEM esc E
Colony formation
B C - )
Cell numbers Senescence-escape CHIFENS  =RSORRAsia
140% - 140% 1 140% - %
ns ns X il * * —
120% - 1 ;: 120% 1 1 120% - kO
o
N — _ o 100% 4 we - W
Sbox E R 100% I
2 2 80% - 5
o 80% - 38 1]
5 5 60% £ 80% 1
2 60% - ° il 2
= i~ > 60% A
S 40% 1 5 40% - 2
b o
© i O 40% A
o £ 20%
e =B BrdU GEM o
T esc esc
BrdU esc GEM esc 0%
Ctrl SIRNA B DPP4SiRNA CtrisiRNA B DPP4 SiRNA BrdU GEM

Figure 49. Effect of DPP4 silencing on the senescence-escape of MCF-7 cells. (A) The
expression of Ki-67 is represented as the percentage of positively stained cells compared
to the total population. The gates for Ki-67-positive cells were adjusted by using unstained
cells, represented in Supplementary Figure 7.A. (B) The cell concentrations were measured
by flow cytometry using the samples from the measurement of Ki-67 expression
represented as count/pl (cell number/ul). The samples were collected with the same
volume; therefore, the cell concentration is proportional to the cell numbers of each
sample. Values were respectively normalised to the BrdU- and GEM-escaped ctrl siRNA
cells. (C) The senescence-escaping ability of the cells are assessed by the combination of
Ki-67 expression and cell concentration represented as the number of Ki-67 positive cells.
Values were respectively normalised to the BrdU- and GEM-escaped ctrl siRNA cells. (D)
Representative images of the colony formation of control and senescence-escaped ctrl
siRNA and DPP4 siRNA cells. Control cells were seeded with 1x10* cells/well, senescent
cells were seeded with 3x10° cells/well, incubated for 10 days and stained with crystal
violet. (E) The senescence-escaping ability of the cells were assessed by colony formation
assay, represented as the number of colonies normalised respectively to the BrdU- and
GEM-escaped ctrl siRNA cells. Experiments were repeated with three technical replicates.
Bar graphs represent the mean of three independent experiments + SEM. Statistical
significance: ns p > 0.05; * p < 0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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4.4 .4 Investigating the effect of DPP4 inhibition in senescence-escape using sitagliptin
in MCF-7 cells

Based on the results of DPP4 silencing (Figure 17), we tested whether the inhibition of the
enzymatic activity of DPP4 could decrease the senescence escape of MCF-7 cells. Firstly, the
effect of a widely used DPP4-inhibitor, sitagliptin, on cell viability was tested in MCF7 and
MCF-10A cells (Figure 18.A). The experiment demonstrated that sitagliptin treatment
decreased the viability of MCF-7 cells at a concentration of 500 uM or higher, and it showed
no toxicity in normal epithelial MCF-10A cells (Figure 18.A). In addition, sitagliptin treatment
did not decrease the viability of senescent cells up to a concentration of 1 mM (Figure 18.B).
These results indicate that sitagliptin treatment does not affect the viability of control and
senescent MCF-7 cells. Sitagliptin has been found to inhibit the enzymatic activity of DPP4 in
MCF-7 cells at a concentration of ~300 uM or higher (Choi et al., 2015), therefore, in
subsequent experiments it is used at a concentration of 250 uM and 500 uM. Next, the effect
of sitagliptin on senescence-escape was assessed by measuring the Ki-67 expression of
senescence-escaped cells combined with the number of cells (Figure 18.C, Supplementary
Figure 7). According to the results, sitagliptin treatment concentration-dependently
decreased the number of Ki-67 expressing cells in BrdU- and GEM-induced senescent cells,
however, in PALBO-induced senescent cells sitagliptin treatment only had an effect at the
concentration of 500 uM (Figure 18.C, Supplementary Figure 7). The results were confirmed
by crystal violet staining as well, that demonstrated decreased number of senescence-
escaped colonies after sitagliptin treatment in BrdU- and GEM-induced senescent cells (Figure
18.D-E). Although 72 hours sitagliptin treatment showed no significant effect on the viability
of non-senescent (control) MCF-7 cells at 250 uM concentration (Figure 18. A), prolonged
treatment (10 days) with 250 uM sitagliptin decreased the colony formation of control MCF-
7 cells (Supplementary Figure 10.A). These results indicate that the effect of DPP4 in the
senescence-escape of MCF-7 cells is based on the enzymatic activity of DPP4, and the

senescence-escaping ability of MCF-7 cells could be decreased by DPP4-inhibition.
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Figure 52. Effect of DPP4-inhibition in senescence-escape. (A-B) The cell viability of MCF-
10A, MCF-7 cells (A) and BrdU-, GEM- and PALBO-induced senescent MCF-7 cells (B) was
measured by SRB assay after 72 hours treatment of sitagliptin. Experiments were repeated
three times with six technical replicates, values were normalised to vehicle-treated
controls, error bars represent + SEM. After senescence induction by BrdU- and GEM-
treatment cells were incubated for 10 days with sitagliptin treatment. (C) The senescence-
escaping ability of the cells are assessed by the combination of Ki-67 expression and cell
concentration represented as the number of Ki-67 positive cells. Values were normalised
to the vehicle-treated cells. Graphs representing the Ki-67 expression and cell
concentrations separately are included in supplementary (Supplementary Figure 7). (D)
Representative images of the colony formation of BrdU- and GEM-treated senescence-
escaped cells after sitagliptin treatment. Cells were seeded with 3x10° cells/well,
incubated for 10 days with sitagliptin treatment and stained with crystal violet. (E) The
senescence-escaping ability of the cells were assessed by colony formation assay,
represented as the number of colonies normalised respectively to the vehicle-treated
BrdU- and GEM-escaped cells. Experiments were repeated with three technical replicates.
Bar graphs represent the mean of three independent experiments + SEM. Statistical
significance (in relation to control): ns p > 0.05; * p <0.05; ** p <0.01; *** p <0.001; ****

4.4.5 Investigating the effect of the combination treatment with azithromycin and
sitagliptin in MCF-7 cells

As demonstrated before, MCF-7 cells were able to escape from senescence after azithromycin
treatment (Figure 14), therefore, to increase the effect of azithromycin, the combination of
azithromycin (AZI) and sitagliptin (SITA) was tested on BrdU- and GEM-induced senescent
cells. After senescence induction using BrdU or GEM, senescent cells were treated with 100
UM AZl for 72 hours. Then, the cells were incubated with or without 250 uM SITA treatment
for 10 days, and the senescence-escaping ability of the cells was assessed by Ki-67 staining
(Figure 19.A). Based on our results, using sitagliptin subsequent to the treatment with
azithromycin improved the effect of azithromycin in BrdU- and GEM-induced senescence-
models, by further decreasing the number of Ki-67 expressing cells to ~5-10% (Figure 19.B,
Supplementary Figure 9.A-B). However, the combination treatment was not effective to
decrease senescence-escape in PALBO-induced senescent cells (Supplementary Figure 9.C).
These results indicate a synergistic effect of the combination treatment of azithromycin and
sitagliptin in MCF-7 cells, resulting in a reduced number of senescence-escaped cells,

compared to using azithromycin alone.
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Figure 55. Analysis of senescence-escape after the combination of azithromycin and
sitagliptin treatment. (A) Schematic figure representing the workflow of combination
treatment using azithromycin and sitagliptin (B) The senescence-escaping ability of the
cells were assessed by the combination of Ki-67 expression and cell concentration
represented as the number of Ki-67 positive cells. Values were normalised to the vehicle-
treated cells. Graphs representing the Ki-67 expression and cell concentrations separately
are included in supplementary (S. Figure 8.A-B). Bar graphs represent the mean of three
independent experiments + SEM. Statistical significance (in relation to control): ns p > 0.05;
*p<0.05; ** p<0.01; *** p<0.001; **** p <0.0001.
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4.5 Senescence induction in MDA-MB-231 cells

4.5.1 Establishing and analysing TIS models using bromodeoxyuridine (BrdU),
gemcitabine (GEM) and Palbociclib (PALBO) in MDA-MB-231 cells

Although MCF-7 is a widely used cell-line in studies of therapy-induced senescence (EImore
et al., 2002, Karimi-Busheri et al., 2010, Tonnessen-Murray et al., 2019, Bojko et al., 2020,
Mosieniak et al., 2015), it is a cellular model for hormone receptor-positive, HER2 negative
(human epidermal growth factor receptor 2) luminal A subtype of breast cancer, that is
generally treated with endocrine therapy instead of chemotherapy (Waks and Winer, 2019,
Dai et al., 2017). To extend our investigation of therapy-induced senescence and to include a
cellular model of triple-negative breast cancer, that is treated with chemotherapy in clinical
settings, we induced senescence in MDA-MB-231 cells (Dai et al., 2017). Initially, the effect of
BrdU, GEM and PALBO was tested on the cell viability of MDA-MB-231 cells to determine the
drug concentration to use for senescence-induction (Figure 20.A). The aim was to arrest the
proliferation of the cells without inducing significant amount of cell death. The ICso of BrdU
was more than the highest tested concentration (2 mM), the ICso of GEM was more than the
highest tested concentration 1 uM and the ICsp of PALBO was 25 uM, however, apoptosis and
proliferation arrest are not distinguishable with cell viability test (Figure 20.A). Based on these
results and the relevant literature, the optimal drug concentrations and incubation times
were empirically determined and described in the Methods section. Briefly, to induce
senescence in MDA-MB-231 cells, the cells were treated for 7 days with 50 uM BrdU and 200
nM GEM, and 14 days with 1 uM PALBO. To confirm the induction of senescence, different
markers of cellular senescence were examined. First, the morphology of the cells was
examined by flow cytometry by measuring the forward scatter values (FSC), indicating cell
size, and side scatter values (SSC), indicating granularity (Figure 20.B). Compared to control
cells FSC/SSC values were both significantly increased in all the senescent models; however,
the SSC values were increased more than the FSC (Figure 20.B). Measured by flow-cytometry,
the number of Ki-67 expressing cells was significantly decreased after senescence induction,
however, ~5% of BrdU-induced, ~15% of GEM-induced and ~10% of PALBO-induced
senescent cells still expressed Ki-67 (Figure 20.D). Despite these small populations of cells
that remained positive for Ki-67 staining after senescence-inducing treatment, according to a
cell proliferation assay (measured by SRB) after BrdU-, GEM and PALBO-treatment MCF-7 cells

stopped proliferating (Figure 20.E). Investigating whether these drugs induced DNA-damage
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in MDA-MB-231 cells, the expression of yH2AX was analysed after senescence-induction.
According to the results, GEM-induced senescent cells had a significant increase in the
number of yH2AX expressing cells (~60%), while after senescence induction with BrdU and

PALBO there was no significant increase of yH2AX-expression compared to the control cells

(Figure 20.C).
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Figure 58. Senescence induction in MDA-MB-231 cells. (A) The cell viability of MDA-MB-
231 cells was measured by SRB assay after 72 hours treatment of BrdU, GEM and PALBO
using different drug concentrations. Experiments were repeated three times with six
technical replicates, values were normalised to vehicle-treated controls, error bars
represent £ SEM. (B) The cell size and granularity of MDA-MB-231 cells were measured by
the mean signal intensity of FSC and SSC by flow cytometry, values were normalised to
non-senescent MDA-MB-231 cells. (C) The expression of Ki-67 is represented as the
percentage of positively stained cells compared to the total population. The gates for Ki-
67-positive cells were adjusted by using unstained cells. (D) The expression of yH2AX is
represented as the percentage of positively stained cells compared to the total population.
The gates for yH2AX-positive cells were adjusted by using unstained cells. Bar graphs
represent the mean of three independent experiments + SEM. Statistical significance (in
relation to control): ns p > 0.05; * p < 0.05; ** p <0.01; *** p<0.001; **** p <0.0001. (E)
Cell proliferation of control and senescent MDA-MB-231 cells was measured by SRB assay
at different time-points, values were normalised to the baseline values measured 24 hours
after cell seeding and represented as fold change. Graph represents the mean of two
independent experiments + SEM.
Measured by both chromogenic and fluorogenic SA-B-Gal assay, SA-B-Gal expression was
significantly increased in each senescent models compared to the control MDA-MB-231 cells;
however, it was less increased in the GEM-induced senescent cells (Figure 21.A, Figure 21.B,
Figure 21.C). The images of SA-B-Gal staining also showed that the senescent cells had a
flattened shape and larger size, however, the shape of the PALBO-induced senescent cells
were more similar to the control cells and the size and shape of GEM-induced senescent cells
were highly heterogeneous (Figure 21.A). To further investigate the increased expression of
DPP4/CD26 as a marker of senescence in cancer, it was tested in BrdU-, GEM- and PALBO-
induced senescent MDA-MB-231 cells as well (Figure 21.D). Senescent MDA-MB-231 cells
showed a significantly increased expression of DPP4/CD26 compared to non-senescent
(control) cells, demonstrated in a ~45-fold increase in BrdU-induced, a ~30-fold increase in
GEM-induced, and a ~20-fold increase in PALBO-induced senescent cells (Figure 21.D). Similar

increase of DPP4/CD26 expression in senescent MDA-MB-231 cells was detected by western

blot as well (Supplementary Figure 2.B).

The analysis of SASP secretion (IL-6, IL-8, CXCL12) of MDA-MB-231 cells showed that
compared to MCF-7 cells (Figure 7.F), MDA-MB-231 cells had a substantially higher basal
expression of IL-6 and IL-8 (falling into ng/ml/100000 cells range), however, their expression
of CXCL12 was below the detection threshold of the assay (Figure 21.E). According to our

results, IL-6 and IL-8 levels, but not CXCL12 levels, were significantly increased in senescent
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MDA-MB-231 cells, although at different levels depending on the senescence-inducing drug
(Figure 21.E). In contrast with PALBO-induced MCF-7 cells (Figure 7.F), PALBO-induced
senescent MDA-MB-231 cells showed a significantly increased expression of both IL-6 and IL-
8 compared to non-senescent (control) cells (Figure 21.E). In more details, PALBO- and GEM-
induced senescent cells had a higher expression of IL-6 than BrdU-induced senescent cells,

while the highest level of IL-8 was secreted by the GEM-induced senescent cells (Figure 21.E).

Based on the assessment of senescence-markers, such as the altered cell morphology
(increased cell size, flattened shape, increased granularity), the increased SA-B-Gal expression
decreased Ki-67 expression and SASP secretion (IL-6, IL-8), we confirmed the establishment
of senescence models in MDA-MB-231 cells. Moreover, the increased expression of
DPP4/CD26 was confirmed in MDA-MB-231 cells as well. The results of yH2AX-expression
indicates that in MDA-MB-231 cells GEM induced senescence via DNA-damage induction,
whereas BrdU and PALBO induced senescence through different mechanisms, independently
from DNA-damage induction. However, compared to the MCF-7 cells (Figure 6.D, Figure 7.A)
GEM treatment induced a more heterogeneous DNA-damage in MDA-MB-231 cells (Figure
20.C, Figure 21.A) leading to a more heterogeneous population of GEM-induced senescent

cells.
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Figure 61. Analysis of senescence-markers in MDA-MB-231 cells. (A) Representative
images of control and BrdU-, GEM- and PALBO-induced senescent MDA-MB-231 cells. Cells
were fixed and stained with X-gal, imaged by EVOS with 20x magnification, scale bars
indicate 100 um. The blue colour indicates SA-B-galactosidase activity. (B) Quantification
of chromogenic (X-gal) SA- B-gal assay. The expression of SA-B-gal is represented as the
percentage of positively stained cells compared to the total population. For the
guantification of total cell number cells were co-stained with DAPI nuclear stain. The
number of positively stained cells and total cell numbers were quantified by Image)
software, counting masks were adjusted manually based on unstained cells. (C) The SA-B-
gal expression of MCF-7 cells is represented as mean fluorescence intensity (MFI) of FDG
staining measured by flow cytometry, values were normalised to the MFI of non-senescent
MDA-MB-231 cells represented as fold change. (D) The expression of CD26 (DPP4) is
represented as fold change of mean fluorescence intensity (MFI) compared to the control
MDA-MB-231 cells, measured by flow cytometry. (E) The secretion of IL-6, IL-8 and CXCL12
was measured by ELISA assay. The graphs represent the amount of IL-6, IL-8 and CXCL12
as ng/ml/cells, quantified by known-concentrations of standards and normalised by cell
numbers. ND: not detected. Experiments were repeated with two (ELISA) or three
technical replicates, bar graphs represent the mean of three independent experiments +
SEM. Statistical significance (in relation to control): ns p > 0.05; * p £0.05; ** p <0.01; ***
p < 0.001; **** p < 0.0001.

4.5.2 Analysing the cell cycle of senescent MDA-MB-231 cells by the double staining of
Ki-67 expression and DNA-content (Pl)

To further characterise the senescence-induction in MDA-MB-231 cells, control and
senescent cells were co-stained with Ki-67 and propidium-iodide (P1). The cell cycle categories
were generated as presented and described before using MCF-7 cells (Figure 8.A). Based on
the results of cell cycle analysis, the number of cells in Gl-arrest and G2-arrest was
significantly increased after senescence-induction, with ~70% of the BrdU- and PALBO-
induced senescent cells being arrested at the G1 phase and ~20% (BrdU) and ~10% (PALBO)
in G2 phase; while the number of cells associated with active proliferation (G1-S-G2-M) was
significantly decreased (Figure 22.A-B). As demonstrated before, GEM treatment induced a
more heterogenous population of senescence cells, consisting of ~50% G1-arrested cells,
~30% of cells in G1-S-G2-M phase and ~20% of G2-arrested cells (Figure 22.A-B). Besides,
GEM-induced senescence cells showed a significantly increased population of cells in sug-G1
phase and polyploid cells compared to control MDA-MB-231 cells (Supplementary Figure 6.D-
E). Consistent with the increased y-H2AX expression induced by GEM-treatment (Figure 21.C),
the increased sub-G1 population can indicate apoptotic cells in GEM-induced senescent cells.
The detection of cell cycle arrest further confirmed the senescence phenotype of BrdU-, GEM-

and PALBO-treated MDA-MB-231 cells.
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Figure 64. Cell cycle analysis of senescent MDA-MB-231 cells. (A) Representative figure
of the cell cycle analysis of control, BrdU-, GEM- and PALBO-induced senescent MDA-MB-
231 cells using Ki-67 and PI staining. Cells were manually categorised to cell-cycle stages
based on their DNA content stained by PI, the gates for Ki-67-positive cells were adjusted
by using unstained cells. (B) The graph represents the percentage of cells in each category
of cell cycle compared to the total cell population. * The category of G2 arrested cells were
based on the research of Miller et al. (2018). Bar graphs represent the mean of three
independent experiments + SEM. Statistical significance (in relation to control): ns p > 0.05;
*p<0.05; ** p<0.01; *** p <0.001; **** p <0.0001.

4.5.3 Comparing senescence-escape in BrdU-, GEM- and PALBO-induced senescent
MD-MB-231 cells

As demonstrated before with MCF-7 cells (Figure 10.A, Figure 11), incubating the senescent
MDA-MB-231 cells without the senescence-inducing drug allowed the cells to restart their
proliferation, thus allowing escape from senescence (Figure 23.A-B). Figure 18.A also
demonstrates the difference in the morphology of senescent and senescence-escaped MDA-
MB-231 cells, and it also reveals the appearance of “giant” GEM-induced senescent cells (with
~500 um in diameter), that appeared after GEM-treatment (Figure 23.A). To compare the
senescence-escaping ability of BrdU-, GEM- and PALBO-induced senescent MD-MB-231 cells,
the escaping cells were monitored for a prolonged period of time (10-12 days). The
senescence-escaping ability of the cells was assessed by Ki-67 expression, and it
demonstrated that senescence-escaped cells (with increased Ki-67 expression) started to
appear ~5 days after the removal of BrdU/GEM. However, as presented before (Figure 20.D),
the initial expression of Ki-67 was different depending on the senescence-inducing drug, with
GEM-induced senescent MDA-MB-231 cells exhibiting the highest basal Ki-67 expression level
(Figure 23.B). Similarly to what was demonstrated in MCF-7 cells (Figure 11), PALBO-induced

senescent cells started to escape from senescence shortly (~3 days) after the removal of
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PALBO, indicating that PALBO-treatment induced a transient, less stable growth-arrest in
MDA-MB-231 cells compared to the BrdU and GEM treatment (Figure 23.B). Due to this
transient growth-arrest induced by PALBO-treatment, PALBO-induced senescent cells might
not be a suitable model to study senescence-escape, therefore in subsequent experiments

senescence-escape was assessed only in BrdU- and GEM-induced senescent cells.
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Figure 67. Senescence-escape in BrdU-, GEM- and PALBO-induced senescent MDA-MB-
231 cells. (A) Representative images of control and senescence-escaped BrdU-, GEM- and
PALBO-treated MDA-MB-231 cells. Cells were stained with crystal violet, imaged by EVOS
using 10x magnification, scale bars indicate 500 um. (B) Analysis of senescence-escape
based on the percentage of Ki-67-expressing cells compared to the total cell number
measured by flow cytometry at different time points. Arrow indicates the removal of
treatment representing day 0. Dashed line represents the decrease of Ki-67 expression due
to reaching confluency. The graph represents the mean of three independent experiments
+ SEM.

4.5.4 Validating the senolytic effect of azithromycin in senescent MDA-MB-231 cells
compared with the effect of chloroquine

To further investigate the senolytic effect of azithromycin (AZI), AZI treatment was tested in
senescent MDA-MB-231 cells and compared to the effect of chloroquine (CQ) treatment as
well (Figure 24.A-B). Based on the cell viability assays (SRB), AZI treatment concentration-
dependently decreased the viability of both non-senescent (control) and senescent MDA-MB-
231 cells, however, AZI was more selective towards senescent MDA-MB-231 cells at a
concentration of 75 uM and 100 uM (Figure 24.A). The senolytic effect of AZI treatment on

senescent MDA-MB-231 cells was dependent on the senescence-inducing drug. Similarly to
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the PALBO induced senescent MCF-7 cells, PALBO-induced senescent MDA-MB-231 cells were
more resistant to AZI treatment (Figure 12.B, Figure 24.A). 100 uM AZ| treatment decreased
the viability of control MDA-MB-231 cells to ~¥30%, and it almost eliminated the BrdU-, GEM-
and PALBO-induced senescent cells by decreasing their viability to ~10% (Figure 24.A).
Moreover, 5 days treatment with 100 uM AZI further decreased the viability of senescent
MDA-MB-231 cells to ~1-3% (Supplementary Figure 5). Because senescent MDA-MB-231 cells
were almost completely eliminated after 100 uM AZI treatment, the senescence-escaping
ability of AZl-treated MDA-MB-231 cells were not further investigated. The effect of
chloroquine was similar to azithromycin, by decreasing the viability of both control and
senescent MDA-MB-231 cells (Figure 24.B). These results indicate that azithromycin
treatment was more effective in MDA-MB-231 cells compared to MCF-7 cells. Although AZI
and CQ had similar effect in MDA-MB-231 cells, as described before, AZI was less toxic to
fibroblast (MRC-5) cells compared to CQ, which indicates that AZI could be more suitable to
use in cancer treatment (Figure 12.C, Figure 13.E).
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Figure 70. Effect of azithromycin and chloroquine in MDA-MB-231 cells. (A-B) The cell
viability of control, BrdU-, GEM- and PALBO-induced senescent MDA-MB-231 cells was
measured by SRB assay after 72 hours treatment of azithromycin (A) and chloroquine (B).
Experiments were repeated three times with six technical replicates, values were
normalised to vehicle-treated controls, error bars represent + SEM. Statistical significance
(in relation to control): ns p > 0.05; * p <0.05; ** p<0.01; *** p<0.001; **** p <0.0001.
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4.6 Investigating the expression and function of dipeptidyl peptidase-
4 (DPP4/CD26) in senescent MDA-MB-231 cells

4.6.1 Silencing the expression of DPP4 in MDA-MB-231 cells

To investigate the potential function of DPP4/CD26 in senescent MDA-MB-231 cells as well,

the expression of DPP4 (DPP4 siRNA) was silenced in MDA-MB-231 cells by lentiviral vector-

mediated gene silencing. The silencing was confirmed by both western blot and flow

cytometry (Figure 25.A-B). Similarly to the results in MCF-7 cells (Figure 16.C-E), the silencing

of DPP4 expression had no effect on cell proliferation, and it did not affect the expression of

SA-B-Gal and lysosomal mass in senescent cells (Figure 25. C-E). Due to the GFP-expression of

the transduced cells, the fluorogenic SA-B-Gal staining (FDG) could not be detected, therefore

the assessment of lysosomal mass was used as an additional marker, that could be quantified

easier than chromogenic SA-B-Gal staining (X-gal) (Figure 25.E). Consistent with the results

in MCF-7 cells (Figure 16), although the expression of DPP4/CD26 was increased in senescent

MDA-MB-231 cells, its expression was not essential for senescence-induction.
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Figure 73. Effect of DPP4-silencing on the senescence-induction in MDA-MB-231 cells.
The expression of DPP4 was silenced in MDA-MB-231 cells by lentiviral vector-mediated
gene silencing, cells were labelled as DPP4 siRNA. Cells transduced with scrambled vector
were used as experimental controls, labelled as ctrl siRNA. (A) Representative images of
western blot analysis of control and senescent MDA-MB-231 cells, demonstrating the
silencing of DPP4 expression. (B) CD26 expression is represented as mean fluorescence
intensity (MFI) of CD26-PE staining measured by flow cytometry, values were normalised
to the MFI of non-senescent ctrl siRNA cells and represented as fold change. (C) Cell
proliferation was measured by SRB assay at different time-points, values were normalised
to the baseline values measured 24 hours after cell seeding and represented as fold
change. Graph represents the mean of three independent experiments + SEM. (D)
Representative images of BrdU- and GEM-induced senescent ctrl siRNA and DPP4 siRNA
cells. Cells were fixed and stained with X-gal, imaged by EVOS with 20x magnification, scale
bars indicate 100 um. The blue colour indicates SA-B-galactosidase activity. (E) Lysosomal
content is represented as mean fluorescence intensity (MFI) of LysoTracker deep red
staining measured by flow cytometry, values were normalised to the MFI of non-senescent
ctrl siRNA cells. Bar graphs represent the mean of three independent experiments + SEM.
Statistical significance: ns p > 0.05; * p £0.05; ** p <0.01; *** p <0.001; **** p <0.0001.

4.6.2 Investigating the effect of DPP4/CD26 in senescence-escape (MDA-MB-231)

To investigate whether the expression of DPP4/CD26 has a role in senescence-escape, the
senescence-escaping ability of DPP4-silenced (DPP4 siRNA) senescent cells was analysed by
Ki-67 staining and compared with control senescent cells (ctrl siRNA). As described before,
due to the transient growth-arrest induced by PALBO-treatment (Figure 23.B), PALBO-
induced senescent cells might not be a suitable model to study senescence-escape, therefore
senescence-escape was assessed only in BrdU- and GEM-induced senescent cells. The
adjustment of gates for the measurement of Ki-67 expression by flow cytometry is presented
in Supplementary Figure 7.B. Consistent with the previous observation that DPP4 is not
required for senescence-induction in MDA-MB-231 cells (Figure 25), DPP4 silencing did not
change the Ki-67 expression in control and senescent (BrdU/GEM) cells (Figure 26.A,
Supplementary Figure 7.B). In contrast with the results in MCF-7 cells (Figure 17), the
proportion of Ki-67 expressing cells was increased in the senescence-escaped DPP4 siRNA
cells compared to ctrl siRNA senescence-escaped cells, even though this increase was only
significant in the GEM-induced senescent cells (Figure 26.A, Supplementary Figure 7.B). To
better demonstrate the difference between the DPP4 siRNA and ctrl siRNA senescence-
escaped cells, the analysis of Ki-67 expression was combined with the measurement of cell

numbers (Figure 26.B), representing the number of senescence-escaped cells (Figure 26.C).
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The number of senescence-escaped cells was increased by ~50% in BrdU-induced and by ~2
folds in GEM-induced senescent DPP4 siRNA cells compared to ctrl siRNA cells, indicating that
silencing of DDP4 promotes senescence escape in MDA-MB-231 cells (Figure 26.C).
Unfortunately, these results could not be confirmed by crystal violet staining, since the
senescence-escaped MDA-MB-231 cells did not form colonies (as in the case of MCF-7 cells)
that could be used to evaluate senescence-escape (Supplementary Figure 10.B). Based on
the results of DPP4 silencing, we tested whether the inhibition of DPP4 by sitagliptin
treatment would have similar effect on the senescence escape of MDA-MB-231 cells.
According to results of senescence-escape analysis by Ki-67 staining, 250 uM sitagliptin
treatment did not affect senescence-escape after BrdU-induced senescence, however, it
seemed to increase senescence-escape in GEM-induced senescent MDA-MB-231 cells (Figure
26.D). Sitagliptin treatment at 500 uM concentration resulted in decreased senescence-
escape in both BrdU- and GEM-induced senescent cells, which might indicate a cytostatic or
cytotoxic side-effect of long-term high concentration sitagliptin treatment (Figure 26.D).
These results indicate that DPP4/CD26 could have a cell-type dependent role in the regulation

of senescence-escape, either preventing (MCF-7 cells) or promoting (MDA-MB-231 cells) it.

A D
ns Ki-67 expression Sitagliptin treatment
100% Ctrl SIRNA H DPP4siRNA
I . BrduU
80% - 1 2 120% -
ES ] "'
2 s $100% | e
S 0% g
£ = 80% |
s I 8
2 a0% | — . 5 60% -
w0 —
S ne I % 0%
- |
20% [— c -
- £ 20% -
] 5
0% 0%
Control BrdU sen GEM sen BrdU esc GEM esc Vehicle 250pM 500 pM
B
Cell numbers c
Senescence-escape
0% T 0 il sina , 300% ) GEM
- * = Ctrl siRNA 2 180% -
DPP4 siRNA A0 . *E
= | M  DPP4siRNA ] |
200% | g 250% — < 160%
" v @ 140%
A = 200% s
£150% ns 2 5 120% 4
= a 2100% -
E )5 150% 5
Z100% | pe — < < 80% 1
S % 100% 5 60% 1
= 2 40% A
50% & . 2
£ 50% £ 20% |
oo 2 0% -
0% Vehicle 250pM 500 uM
BrdU esc GEM esc BrdU esc GEM esc

104



Figure 76. Effect of DPP4 silencing and DPP4 inhibition on the senescence-escape of
MDA-MB-231 cells. (A) The expression of Ki-67 is represented as the percentage of
positively stained cells compared to the total population. The gates for Ki-67-positive cells
were adjusted by using unstained cells. (B) The cell concentrations were measured by flow
cytometry using the samples from the measurement of Ki-67 expression represented as
count/ul (cell number/ul). The samples were collected with the same volume, therefore
the cell concentration is proportional to the cell numbers of each sample. Values were
respectively normalised to the BrdU- and GEM-escaped ctrl siRNA cells. (C) The
senescence-escaping ability of the cells were assessed by the combination of Ki-67
expression and cell concentration represented as the number of Ki-67 positive cells. Values
were respectively normalised to the BrdU- and GEM-escaped ctrl siRNA cells. Bar graphs
represent the mean of three independent experiments + SEM. Statistical significance: ns p
> 0.05; * p £0.05; ** p <0.01; *** p <0.001; **** p < 0.0001. (D) After senescence
induction by BrdU- and GEM-treatment cells were incubated for 10 days with sitagliptin
treatment. The senescence-escaping ability of the cells were assessed by the combination
of Ki-67 expression and cell concentration represented as the number of Ki-67 positive
cells. Values were to the vehicle-treated cells, bar graphs represent the mean of two
independent experiments + SEM.

4.7 Isolating and analysing senescence-escaped cells

4.7.1 Establishing a method to isolate senescence-escaped MCF-7 and MDA-MB-231
cells

Although analysing the expression of Ki-67 can be used to quantify senescence-escape, due
to the staining method the cells are fixed and cannot be used in functional assays that require
live cells. Therefore, we established a different method for the isolation/purification of
senescence-escaped cells by fluorescence-activated cell sorting (FACS), using a fluorescent
dye known as CFSE (carboxyfluorescein succinimidyl ester). CFSE is a cell permeable
fluorescent dye that covalently binds to intracellular proteins, providing a homogeneous and
stable green fluorescent signal, which progressively decreases after each cell division (Lyons
and Parish, 1994). Our hypothesis was that by staining the cells with CFSE after senescence
induction by BrdU or GEM treatment, the decreased intensity of CFSE staining could identify
the actively proliferating senescence-escaped cells. Thus, the differences in CFSE signal
intensity could be used to isolate senescence-escaped cells from a mixed population of
senescent and escaped cells. Our results demonstrated that 10 days after the removal of BrdU
or GEM treatment (which allowed the senescent cells to escape), MCF-7 and MDA-MB-231
cells had a decreased signal intensity of CFSE compared to the cells without the 10-days

incubation (senescent cells) (Figure 27. A-B). The gates were adjusted manually to the basis
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of the histogram generated by the CFSE signal of BrdU- and GEM-induced senescent cells, and
the percentage of cells with low expression of CFSE (CFSE low) was considered as proliferating
(senescence-escaped) cells (Figure 27. A-B). To further validate the CFSE staining-based
isolation of senescence-escaped cells, BrdU- and GEM-induced senescent cells were stained
with CFSE, incubated for 10 days without the senescence-inducing drug (to allow senescence
escape) and co-stained with Ki-67. This would allow to assess the overlap of the population
of cells with low CFSE staining (CFSE low) and the population of Ki-67 expressing cells (Ki-67
pos) (Figure 27.C). Based on this population comparison, ~73% of CFSE low BrdU- or GEM-
treated MCF-7 cells were positively stained for Ki-67, and ~65% of CFSE low BrdU-treated and
~77% of CFSE low GEM-treated MDA-MB-231 cells showed a correlation with Ki-67-positive
cells (Figure 27.C). Altogether these results suggest that CFSE low cells are largely Ki67

positive and that CFSE staining could be used to isolate senescence-escaped cells.
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Figure 27. Isolation of senescence-escaped MCF-7 and MDA-MB-231 cells by CFSE-
staining. (A-B) Representative figures of the gating strategies for the isolation of
senescence-escaped cells by flow cytometry using CFSE staining. The gates were adjusted
manually to the basis of the histogram generated by the CFSE signal of BrdU- and GEM-
induced senescent cells, and cells with low expression of CFSE (CFSE low) was considered
as senescence-escaped cells. Figures were generated by Flowlo software. (C-D)
Representative figures of the results of population comparisons by FlowJo. The senescent
cells were co-stained with CFSE and Ki-67, and the population of cells with low CFSE
staining (CFSE low) were compared with the population of Ki-67 expressing cells (Ki-67
pos). The percentages represented next to the graphs indicate the correlation of the two
populations.
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Based on the previously established method for isolating/purifying senescence-escaped cells
(Figure 27), we optimised a protocol for subsequent investigations by live-cell based
functional assays (Figure 28). After senescence-induction in MCF-7 and MDA-MB-231 cells
with either BrdU or GEM treatment, cells were stained with CFSE and incubated in drug-free
medium for 10 days, and the population of senescent and senescence-escaped cells were
isolated by FACS (Figure 28). The gates for sorting were adjusted as demonstrated before
(Figure 27); however, for a more accurate isolation of senescence-escaped and senescent
cells, the cells represented in the middle part of the histogram of CFSE-signal were not
included in the sorting (Supplementary Figure 11). The control (non-senescent) MCF-7 and
MDA-MB-231 cells were stained with CFSE 1 day after seeding, and they were incubated for
4 days (allowing them to grow without reaching confluency) before sorting by FACS (Figure
28). Although control (non-senescent) cells were not sorted to different categories (CFSE-low
or CFSE-high), applying the CFSE staining and passing the cells through the FACS machine
generated a more accurate control for the functional assays (Figure 28, Supplementary Figure
11). The stem cell activity, metastatic potential and proliferative capacity of the isolated
senescence-escaped, senescent and control cells were investigated by mammosphere

formation, cell migration and colony formation assays.
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Figure 79. Schematic figure of the isolation of senescence-escaped MCF-7 and MDA-MB-
231 cells and the experimental strategy. The figure represents the workflow for the
isolation of senescence-escaped cells by FACS. The figure was generated with BioRender.
Detailed gating strategy for the isolation is represented in supplementary (Supplementary
Figure 11).

4.7.2 Investigating the effect of senescence-escape in cancer progression

4.7.2.1 Analysis stem cell activity in senescence-escaped cells by mammosphere formation
assay

Mammosphere formation assay is a regularly used assay to evaluate stem cell activity and
self-renewal capacity in breast cancer cells (Shaw et al., 2012). According to the results of
mammosphere formation assays in MCF-7 cells, BrdU- and GEM-induced senescent cells had
a significantly decreased mammosphere formation efficacy (MFE), decreasing by ~60% (BrdU)
and ~80% (GEM) compared to the control cells (Figure 29.A). Although, senescence-escaped
MCF-7 cells restored the mammosphere formation capacity to similar levels the control (non-
senescent) cells (Figure 29.A). Similarly in MDA-MB-231 cells, the mammosphere formation
efficacy of BrdU- and GEM-induced senescent cells were decreased by ~40%; and the
senescence-escaped cells reacquired the ability of mammosphere formation, however, they
formed less mammospheres (~¥80%) compared to the control (non-senescent) cells (Figure

29.B). These results indicate that stem-cell activity was increased in senescence-escaped cells
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compared to senescent cells and it was restored to similar levels as in parental non-senescent

cells.
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Figure 82. Analysis of stem cell activity in senescence-escaped MCF-7 and MDA-MB-231
cells by mammosphere formation assay. (A-B) The graphs represent the mammosphere
formation efficiency (MFE) of control, senescent and senescence-escaped cells after cell
sorting, normalised to the MFE of the control MCF-7 and MDA-MB-231 cells. Experiments
were repeated with three technical replicates, bar graphs represent the mean of three
independent experiments + SEM. Statistical significance (in relation to control): ns p > 0.05;
*p<0.05; ** p<0.01; *** p <0.001; **** p <0.0001.

4.7.2.2 Analysis of migration capacity in senescence-escaped cells

In vitro cell migration assays are used to investigate the migratory abilities of cancer cells,
which is an essential step in the process of invasion and metastasis (Pijuan et al., 2019). The
migration ability of senescence and senescence-escaped MCF-7 and MDA-MB-231 cells were
examined by transwell cell migration assay. According to the results, the migration of BrdU-
and GEM-induced senescent MCF-7 cells was significantly decreased, however, after
senescence-escape the cells had a significantly increased migration ability compared to the
control (non-senescent) cells (Figure 30.A-B). Similarly in MDA-MB-231 cells, BrdU- and GEM-
induced senescent cells had a decreased migration ability; and senescence-escaped cells
reacquired their migration capacity to a similar level than control (non-senescent) cells
(Figure 30.A, Figure 30.C). However, the migration capacity of GEM-induced senescence-
escaped was decreased compared to control (non-senescent) cells (Figure 30.A, Figure 30.C).
These results indicate that senescence-escaped MCF-7 cells had a significantly increased
migration capacity compared to the parental cells, while in MDA-MB-231 cells senescence-

escape did not increase the migration capacity of the cells.
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Figure 85. Analysis of metastatic-capacity in senescence-escaped MCF-7 and MDA-MB-
231 cells by migration-assay. (A) Representative images of the migration of control,
senescent and senescence-escaped MCF-7 and MDA-MB-231 cells. Cells were stained with
crystal violet and imaged by EVOS using 10x magnification, scale bars indicate 750 um. (B-
C) For evaluating cell migration, the number of cells were counted by ImagelJ, using 4
pictures from each sample. Experiments were repeated with two technical replicates, bar
graphs represent the mean of three independent experiments * SEM. Statistical
significance (in relation to control): ns p > 0.05; * p <0.05; ** p <0.01; *** p <0.001; ****
p <0.0001.

4.7.2.3 Analysis of proliferative capacity in senescence-escaped cells by colony formation assay
Colony forming (or clonogenic) assay is a widely used in vitro technique to determine the self-
renewal capacity of a single cell by forming a colony of 50 or more cells, and it is also used to
assess the ability of cancer stem-like cells to potentially develop a new tumour (Franken et
al., 2006, Rajendran and Jain, 2018). According to the results, BrdU- and GEM-induced
senescent MCF-7 cells had a significantly lower colony formation capacity compared to the
control (non-senescent) cells, decreased to ~10% after BrdU-treatment and ~1% after GEM-
treatment (Figure 31.A-B). Compared to the senescent MCF-7 cells, the colony formation
capacity of senescence-escaped BrdU- and GEM-treated cells greatly increased, although,

they formed less colonies (~70-80%) compared to control (non-senescent) cells (Figure 31.A-
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B). Similarly to the results of MCF-7 cells, the colony formation efficacy were significantly
decreased (~20%) in BrdU- and GEM-induced senescent MDA-MB-231 cells, and the
senescence-escaped BrdU- and GEM-treated cells reacquired their colony formation ability,
however, not at the same level as control cells (~70-80%) (Figure 31.A, Figure 31.C). These
results indicate that the senescence-escaped MCF-7 and MDA-231 cells are able to form new

populations of cancer cells, although with decreased proliferation capacity.
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Figure 88. Analysis of proliferative capacity in senescence-escaped MCF-7 and MDA-MB-
231 cells by colony formation assay. (A) Representative images of the colony formation
of control, senescent and senescence-escaped MCF-7 and MDA-MB-231 cells. Cells were
stained with crystal violet, images represent the entire surface of a well of a 6 well plate.
(B-C) For evaluating the colony formation ability of the cells, the number of colonies with
more than 50 cells were counted by Imagel. Experiments were repeated with three
technical replicates, bar graphs represent the mean of three independent experiments *
SEM. Statistical significance (in relation to control): ns p >0.05; * p<0.05; ** p<0.01; ***

p <£0.001; **** p <0.0001.
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4.8 Summary of results

Bromodeoxyuridine (BrdU), gemcitabine (GEM) and Palbocicilib (PALBO) induced
senescence in MCF-7 and MDA-MB-231 breast cancer cells through different
mechanism of action

The simultaneous measurement of Ki-67 expression and DAN content (Pl) could be
used to identify cell cycle arrested/senescent cell populations by using flow cytometry
The levels of expression of different senescence-markers in MCF-7 and MDA-MB-231
cells were dependent on the drug used for senescence-induction

IL-6, IL-8 and CXCL12 secretion was highly increased in BrdU- and GEM-induced
senescent MCF-7 cells, but it was not increased in PALBO-induced senescent cells
IL-6 and IL-8 secretion was significantly increased in senescent MDA-MB-231 cells
The senescence-escaping ability of cancer cells could be evaluated by the
measurement of Ki-67 expression and cell numbers by flow cytometry; and by the
assessment of senescence-escaped colonies stained by crystal-violet staining
PALBO-induced senescent MCF-7 and MDA-MB-231 cells were able to escape from
senescence shortly after the removal of PALBO treatment, resulting an
unstable/transient senescence phenotype

BrdU- and GEM-treatment resulted in a more stable growth arrest/senescence,
however, cells were able to escape from senescence and restart proliferation

The senolytic effect of azithromycin was confirmed in senescent MCF-7 and MDA-MB-
231 cells, and its inhibitory effect on autophagy was confirmed in MCF-7 cells

The cell surface expression of DPP4/CD26 was highly increased in senescent MCF-7
and MDA-MB-231 cells, however, its expression was not essential for senescence-
induction

The silencing or inhibition of DPP4 resulted in decreased senescence-escaping ability
of MCF-7 cells and increased/unchanged senescence-escaping ability of senescent
MDA-MB-231 cells

Senescent MCF-7 cells were able to escape after azithromycin (AZI) treatment,
however, the senescence-escaping ability of AZl-treated the cells was decreased by

DPP4 inhibition (sitagliptin treatment)
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Senescence-escaped cells could be isolated by FACS, using CellTrace CFSE staining for
the identification of proliferating cells

After senescence-escape, MCF-7 and MDA-MB-231 cells resembled to the parental
(non-senescent) cells in terms of stemness activity and proliferation capacity
Senescence-escape increased the migration capacity of MCF-7 cells, but not MDA-MB-

231 cells
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5. Discussion

The role of therapy-induced senescence (TIS) in tumour progression and therapy resistance is
highly complex, which resulted in contradictory findings about the effect of TIS on the clinical
outcomes of cancer therapies. Based on the relevant literature along with our recent findings,
our standpoint is that the presence of senescent tumour cells and the ability of cancer cells
to escape from senescence should be considered as a detrimental side-effect of cancer
therapy, that could potentially contribute to therapy resistance and tumour recurrence (Pare
et al., 2016, Demaria et al., 2017, Wyld et al., 2020, Wagner and Gil, 2020). The investigation
of the characteristics of senescent cancer cells and the underlying mechanism of senescence-
escape is essential to better understand the consequences of TIS, and to identify potential

targets to eliminate senescent cancer cells.

To optimise an in vitro cellular model for the investigation of TIS and senescence-escape we
used MCF-7 and MDA-MB-231 breast cancer cells (Figure 6-8, Figure 23-25). MCF-7 is a
cellular model for hormone receptor-positive and HER2 negative breast cancer, and it is a
widely used cell line in studies of TIS (Elmore et al., 2002, Karimi-Busheri et al., 2010,
Tonnessen-Murray et al., 2019, Bojko et al., 2020, Mosieniak et al., 2015). In most of the
studies with MCF-7 cells a DNA-damaging chemotherapeutic drug is used for senescence-
induction, however, endocrine therapy (tamoxifen) has also been described to induce
senescence in MCF-7 cells (Lee et al., 2014, Wyld et al., 2020). Although tamoxifen is a
clinically relevant drug for the treatment of hormone receptor-positive breast cancer cells, in
in vitro experiments tamoxifen treatment created a more heterogeneous population
consisting of both senescent and non-senescent compared to the effect of DNA-damaging
drugs (Taylor et al., 2011). MDA-MB-231 cell line is a cellular model for triple-negative breast
cancer, that is generally treated with chemotherapy, although, it is not commonly used for
studying TIS (Dai et al., 2017). One of the reasons why MDA-MB-231 cells are rarely used in
senescence studies might be that they carry a mutation in the gene encoding p53, which has
an important role in senescence-induction. However, senescence can be induced even in
cancer cells lacking active p53/p21Wafl/Cirl gnd/or p16'™“42/Rb signalling pathways (Elmore et

al.,, 2002, Roberson et al., 2005, Jackson et al., 2012). In fact, a wide range of
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chemotherapeutic drugs were demonstrated to induce senescence in MDA-MB-231 cells

(Bojko et al., 2019).

A wide range of compounds were described to induce senescence in cancer cells through
various molecular pathways, creating different phenotypes of senescent cells, which
ultimately leads to a substantial variability of experimental results (Petrova et al., 2016,
Hernandez-Segura et al., 2017). To carry out a thorough investigation of senescence in cancer,
and to potentially generate different senescent phenotypes, we used three different drugs,
namely bromodeoxyuridine (BrdU), gemcitabine (GEM) and Palbociclib (PALBO), to induce
senescence in MCF-7 and MDA-MB-231 cells.

BrdU is a synthetic analogue of the nucleoside thymidine, that has been described to induce
senescence in various cell types, including cancer cells (Michishita et al., 1999, Masterson and
O'Dea, 2007, Ross et al., 2008). Previous studies investigating the effect of BrdU suggested
that BrdU activates a common senescence pathway in both mortal and immortal cells, by
being incorporated into specific AT-rich sequences and regulating the expression of
senescence-associated genes (Michishita et al., 1999). Moreover, it was found that BrdU was
able to induce senescence in cell lines lacking functional p53, p21Wafl/Crl or p16'"k42 and
suggested that DNA-damage did not contribute to the senescence-induction mechanism of
BrdU (Suzuki et al., 2001). Supporting this concept, several studies have demonstrated that
BrdU can be used to radiosensitise cells by being incorporated into the DNA and inducing
DNA-damage only when the cells are exposed to ionizing radiation (Cecchini et al., 2005,
Levkoff et al., 2008). In contrast, other studies have proposed that BrdU induces DNA damage,
and induced cellular senescence through the activation of DNA-damage response (Masterson

and O'Dea, 2007, Lee et al., 2011).

According to our results, BrdU treatment did not induce DNA-damage in MCF-7 and MDA-
MB-231 cells (Figure 6.D, Figure 20.D, Supplementary Fig 1.A, Supplementary Fig 6.B, D),
indicating that it is more likely that it induced senescence by the upregulation of senescence-
associated genes. This type of senescence induction might be similar to epigenetically induced
senescence, in which the senescence state is maintained by directly activated molecular
pathways without the induction of cellular stress, resembling aging-associated or oncogene-
induced senescence (Petrova et al.,, 2016). BrdU-treated MCF-7 and MDA-MB-231 cells
expressed all the senescence markers that were investigated, including altered cell
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morphology, increased SA-B-gal expression, proliferation arrest and increased expression of
senescence-associated cytokines (Figure 6-8, 20-22, 27). Besides, it induced a stable but
reversible growth-arrest (Figure 11, 23), which makes it a suitable model to investigate

senescence-escape.

Based on the conclusion that BrdU did not induce DNA damage in MCF-7 and MDA-MB-231
cells, another pyrimidine analogue compound, gemcitabine, which is well-known for its DNA-
damage inducing activity, was included in our experiments. Gemcitabine is chemotherapeutic
drug that belongs to the group of antimetabolites, and it is widely used in the treatment of
different kinds of solid tumours (Xie et al., 2018). Although it is not the most commonly used
chemotherapeutic drug in breast cancer treatment, gemcitabine has been used in advanced
breast cancer patients as a single agent or in combination with taxanes (class of diterpenoid
compounds used in chemotherapy), resulting in improved therapy outcomes (Xie et al., 2018).
As an analogue of deoxycytidine, it incorporates into the newly synthetized DNA, which
causes DNA-damage, and it also inhibits DNA polymerase, ribonucleotide reductase and
thymidylate synthase, that are further enhancing its DNA-damaging activity (Honeywell et al.,
2015). Although its activity has been extensively characterised, the senescence-inducing
ability of gemcitabine was only tested in pancreatic cancer cell lines (Modrak et al., 2009,
Song et al., 2016). According to our results, gemcitabine treatment induced DNA-damage in
both MCF-7 and MDA-MB-231 cells (Figure 6.D, Figure 20.D). Gemcitabine-treated MCF-7 and
MDA-MB-231 cells expressed all the senescence markers that were investigated, including
altered cell morphology, increased SA-B-gal expression, proliferation arrest and increased

expression of senescence-associated cytokines (Figure 6-8, 20-22, 27).

Although by using the empirically determined concentration of gemcitabine mostly induced
senescence in MCF-7 cells, MDA-MB-231 cells had a more heterogeneous response to
gemcitabine-treatment, resulting in a more heterogeneous senescence population and the
appearance of cells in sub-G1 phase indicating increased apoptosis (Figure 20.D, Figure 21.A,
Supplementary Figure 6.D). It has been described, that most of the DNA-damaging
chemotherapeutic drugs induce apoptosis rather than senescence when used at higher
concentrations, and the induction of DNA damage-induced cellular senescence requires a
sustained but mild DNA damage and it mostly depend on the p53-p21WAFL/CiPl or the p16 INK4a-

Rb pathway (Petrova et al., 2016). In agreement with other studies, we found that MCF-7 cells
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did not express p16'Nk42 thus we hypothesised that gemcitabine induces senescence through
the p53-p21WAFL/CiPL nathway (Supplementary Figure 1.B) (Craig et al., 1998, Karimi-Busheri et
al., 2010, Todd et al., 2017). Moreover, low p16'N4 expression can contribute to the
reversibility of senescence, promoting senescence-escape (Beausejour et al., 2003, Roberson
et al., 2005). Cells with wild type p53 gene, such as MCF-7 cells, are more resistant to DNA
damage-induced apoptosis and they mostly respond to DNA-damage with the activation of
cellular senescence (Alkhalaf and EI-Mowafy, 2003, Jackson et al., 2012). In contrast, p53
mutant cells, such as MDA-MB-231 cells, are more sensitive to DNA-damaging agents, which
mostly induce apoptosis via a p53-independent pathway (Hui et al., 2006, Bertheau et al.,
2002, Varna et al., 2011). Therefore, the cytotoxicity of gemcitabine treatment limited the
efficacy of senescence-induction in MDA-MB-231 cells, leading to a more heterogeneous
senescence-population compared to MCF-7 cells. Interestingly, in MDA-MB-231 cells
gemcitabine treatment induced the appearance of giant cells (with ~500 pum in diameter) and
polyploid cells (Figure 23.A, Supplementary Figure 6.E). The appearance of these giant,
polyploid cells have already been described in doxorubicin-induced senescent MDA-MB-231
cells, that started to divide asymmetrically during senescence-escape, generating escaped
cells resembling the parental MDA-MB-231 cells (Bojko et al., 2020). Similarly to the effect of
BrdU-treatment, gemcitabine induced a stable but reversible growth-arrest in both cell lines

(Figure 6, 18), which makes it a suitable model to investigate senescence-escape.

The third compound that has been used in our experiments for senescence-induction was
Palbociclib. Palbociclib (PD0332991, Ibrance) is a selective cyclin-dependent kinase 4/6
(CDK4/6) inhibitor that has been approved for advanced hormone receptor-positive and HER2
negative breast cancer treatment, after demonstrating efficacy in clinical trials by improving
the progression-free survival of breast cancer patients, in combination with letorozole or
fluvestrant (Turner et al., 2015, Finn et al., 2015, Bollard et al., 2017). CDK4/6 is responsible
for the phosphorylation of retinoblastoma (Rb) protein, which leads to the activation of a
transcriptional program for inducing the progression from G1 phase to S phase of the cell
cycle. By inhibiting of CDK4/6, palbociclib induces cell cycle exit in Rb-positive cancer cells,

which ultimately leads to quiescent or senescent state (Blagosklonny, 2014, Klein et al., 2018).

In fact, it has been proved in a variety of different cell types that Palbociclib treatment induced

a reversible quiescence or a more stable senescence state, depending on which signalling
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pathways were activated after cell cycle arrest (Leontieva and Blagosklonny, 2013,
Kovatcheva et al.,, 2015, Morris-Hanon et al.,, 2019, Goel et al.,, 2017). It has been
demonstrated in different cancer cells, that the conversion from cell cycle arrest to
senescence (geroconversion) requires a sustained mTORC1 activity, indicating that mTORC1
could be the main regulator of palbociclib-induced senescence (Kovatcheva et al., 2015,
Leontieva and Blagosklonny, 2013, Klein et al., 2018, Leontieva et al., 2012, Morris-Hanon et
al.,, 2019, Maskey et al., 2020). Other molecular mechanisms that has been described to
induce geroconversion in Palbociclib-treated cells are the downregulation of MDM2 (E3
ubiquitin-protein ligase Mdm?2), the repression of HRAS (gene encoding the HRas small G
protein) transcription, the redistribution of the chromatin-remodelling enzyme ATRX (ATP-
dependent helicase ATRX) and the inhibition of MAPK (mitogen-activated protein kinase)

signalling pathway (Kovatcheva et al., 2015, Ruscetti et al., 2018).

Since both MCF-7 and MDA-MB-231 cells are Rb-positive, they respond to Palbociclib
treatment with cell-cycle arrest in G1 phase (Robinson et al., 2013). According to our results,
Palbociclib-treatment induced senescence in MCF-7 and MDA-MB-231 cells, demonstrated in
altered cell morphology, increased SA-B-gal expression, and proliferation arrest (Figure 6-8,
20-22). However, the senescent MCF-7 and MDA-MB-231 cells re-entered the cell cycle and
resumed normal proliferation shortly after the removal of PALBO, indicating that it induced a
less stable growth-arrest (senescent phenotype) compared to the BrdU- and GEM-induced
senescence models (Figure 11, 23). Interestingly, this phenomenon was observed in patient-
derived glioma stem cells, in human liver cancer cell lines and in other breast cancer cell lines
as well, and it was described as senescent-like quiescence or incomplete senescence (Morris-
Hanon et al., 2019, Bollard et al., 2017, Maskey et al., 2020). The investigation of cytokine
expression of senescent cells revealed that PALBO-induced senescent MCF-7 cells did not
have an increase in the expression of IL-6, IL-8 and CXCL12 compared to the control cells,
however, in MDA-MB-231 cells PALBO-treatment significantly increased the expression of
both IL-6 and IL-8 (Figure 7.F, Figure 21.E). These differences of IL-6 and IL-8 expression in
PALBO-induced senescent cells were reported by others as well, indicating that the increased
expression of IL-6 and IL-8 induced by PALBO treatment is cell line specific (Goel et al., 2017,
Morris-Hanon et al., 2019).
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Based on the expression of senescence markers and the immediate regain of proliferative
capacity, we suggest that Palbociclib-treatment induced a transient or reversible senescent
phenotype in MCF-7 and MDA-MB-231 cells, which is different from the BrdU- or GEM-
induced senescent phenotype. Due to the induction of this transient senescent phenotype,
PALBO-induced senescence is not ideal model for investigating senescence-escape, however,
the results could be important in terms of the clinical use of Palbociclib. In clinical settings
Palbociclib is administered on a 3-weeks-on/1-week-off schedule, that could provide the
cancer cells sufficient time to resume proliferation between the treatment cycles (Finn et al.,
2015). Moreover, there is an increasing number of breast cancer patients that are resistant
to CDK4/6 inhibition, and according to a recent analysis of an ongoing clinical trial, the
addition of Palbociclib to adjuvant endocrine therapy did not improve progression-free
survival in breast cancer patients compared with endocrine therapy alone, which might be
caused by the induction of this transient/reversible senescence phenotype (Portman et al.,

2019, Mayer et al., 2021).

Besides the development of in vitro senescence-models, the reliable identification and
assessment of cellular senescence is essential for investigating the effects of therapy-induced
senescence in cancer. There are several cell surface markers of cellular senescence that has
been identified for the detection of senescent cells, however, further validation of their
specificity is required to exploit their diagnostic and therapeutic potential (Althubiti et al.,
2014, Kim et al., 2017a). Although dipeptidyl-peptidase IV (DPP4/CD26) was identified as a
cell surface marker for senescent fibroblast cells, it has not been validated in other cell types,
such as in cancer cells (Kim et al., 2017a). However, the role of DPP4 activity in senescence-
induction was described in endothelial senescence and in senescence-associated bone loss as
well (Chen et al., 2020, Wang et al., 2021). According to our results, the expression of
DPP4/CD26 was significantly increased in BrdU-, GEM- and PALBO-induced senescent MCF-7
and MDA-MB-231 cells as well (Figure 10, Figure 16.D). In both cell lines BrdU-treatment
induced the highest increase in DPP4/CD26 expression compared to GEM- and PALBO-
treatment, however, we could not determine the reason for this variation in the levels of
DPP4/CD26 expression (Figure 10, Figure 16.D). As measured by flow cytometry in MCF-7
cells, in parallel with SA-B-galactosidase expression, the expression of DPP4/CD26 time-

dependently increased during senescence-induction, indicating a strong connection between
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DPP4/CD26 expression and the development senescent phenotype (Figure 10.B). Moreover,
three other breast cancer cells lines, CAMA-1, MDA-MB-468 and T47D demonstrated an
increased expression of both SA-B-galactosidase and DPP4/CD26 after BrdU-treatment
(Supplementary Figure 12). Based on these results, DPP4/CD26 could be a promising new
marker to detect senescent cancer cells, however, similarly to other senescence-markers its
increased expression has to be compared to a basal level of expression, which can be

increased in different tumour types independently from senescence (Enz et al., 2019).

The advantage of using specific surface markers is that it allows the isolation and investigation
of senescent cells or certain subpopulations of senescent cells by flow cytometry, without
disrupting membrane integrity and cell viability (Rossi and Abdelmohsen, 2021). For example,
by using magnetic-activated cell sorting (MACS) we isolated a subpopulation of senescent
MCEF-7 cells with the highest expression of DPP4/CD26 (Supplementary Figure 13). According
to our results the sorted cells (CD26 high) exhibited similar senescence-associated
characteristics compared to the non-sorted population of senescent cells (Supplementary
Figure 14). Moreover, cell surface molecules can be used as potential therapeutic targets for
antibody-directed immunotherapies and for the administration of senolytic drugs by using
antibody-drug conjugates (Rossi and Abdelmohsen, 2021). For example, DPP4/CD26 and
another cell surface marker of senescence uPAR (urokinase plasminogen activator receptor)
has been already described as potential therapeutic targets for the activation of antibody-
dependent cell-mediated cytotoxicity and for CAR T cell (chimeric antigen receptor T cell)
therapy, resulting in the selective elimination of senescent cells in vitro and in vivo as well

(Kim et al., 2017a, Amor et al., 2020).

Although there are numerous studies about the effects of SASP (senescence-associated
secretory phenotype) in cancer, the secretion of SASP factors directly from senescent cancer
cells has been rarely analysed (Faget et al., 2019). Therefore, we assessed and compared the
secretion of three SASP factors (IL-6, IL-8 and CXCL12) in BrdU-, GEM- and PALBO-induced
senescent MCF-7 and MDA-MB-231 cells (Figure 7.F, Figure 21.E). As described before, these
three cytokines are well-known SASP factors with a potential a role in cancer progression,
moreover, the activity of CXCL12 is regulated (inhibited) by DPP4 (Lambeir et al., 2001,
Wronkowitz et al., 2014, Faget et al., 2019). IL-6 is a pro-inflammatory cytokine involved in

the regulation of immune reactions, and it is a major activator of the JAK/STAT signalling
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pathway (Ma et al., 2017). IL-8 and CXCL12 are pro-inflammatory chemokines promoting the
migration of granulocytes and lymphocytes, and they are involved in the activation of multiple
intracellular signalling pathways via G-protein coupled chemokine receptors such as CXCR1,
CXCR2 (IL-8) and CXCR4, CXCR7 (CXCL12) (lliopoulos et al., 2011). The increased expression of
IL-6, IL-8 and CXCL12 has been associated with tumour progression, survival, angiogenesis,
cell proliferation and migration in vitro and in vivo as well (Canino et al., 2012, Tato-Costa et
al., 2016, Angelini et al., 2013, Kim et al., 2017b, Ortiz-Montero et al., 2017, Yang et al.,
2019a). Moreover, clinical studies have demonstrated that elevated IL-6, IL.-8 and CXCL12
serum concentration is correlated to increased clinical stage of disease, lymph node
metastasis and poor survival of breast cancer patients (Kang et al., 2005, Koztowski et al.,

2003, Ma et al., 2017).

According to our results, the secretion of IL-6 and IL-8 was significantly increased in senescent
MCF-7 and MDA-MB-231 cells, however, in PALBO-induced senescent MCF-7 cells this
increase was not detected (Figure 7.F, Figure 21.E). As described in other studies as well,
MDA-MB-231 cells showed a significantly higher basal secretion of IL-6 and IL-8 compared to
MCF-7 cells (Figure 7.F, Figure 21.E). Moreover, these studies also demonstrated that IL-6 and
IL-8 are able to increase the invasiveness of non-aggressive ER-positive breast cancer cells,
such as MCF-7 cells, increasing their tumorigenic potential (Freund et al., 2003, Freund et al.,
2004, Ortiz-Montero et al., 2017). These results could explain the increased migration
capacity of senescence-escaped MCF-7 cells, due to their prolonged exposure to increased
levels of IL-6 and IL-8 secreted by the senescent cancer cells (Figure 30.B). Regarding the
secretion of CXCL12 we found that BrdU- and GEM-induced senescent MCF-7 cells had an
increased CXCL12 secretion, however, it was not secreted by control and senescent MDA-MB-
231 cells (Figure 7.F, Figure 21.E). This observation has been reported in other studies as well,
and interestingly, the lack of CXCL12 expression in MDA-MB-231 cells was associated with its
increased metastatic capacity (Sun et al., 2014, Wendt et al., 2008). Although breast cancer
cells have a relatively low expression of CXCL12, CXCR4 receptors are highly expressed in
breast cancer cells and in malignant breast tumours, and their activation by CXCL12 is
associated with increased tumour growth, EMT (epithelial-mesenchymal transition) and
metastasis in vitro and in vivo as well (Miller et al., 2001, Wendt et al., 2008, Hattermann et

al., 2014, Yang et al., 2019a). Moreover, the increased expression of CXCL12 by senescent
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tumour cells has been described to function as a chemoattractant during the collective
invasion and metastasis of tumour cells (Kim et al., 2017b). Based on our results, the analysis
of cytokine secretion further demonstrated the complexity of senescence phenotypes
induced by different drugs in different cell lines. Furthermore, it supported the concept that
the presence of senescent cancer cells is potentially detrimental, and by the secretion of pro-
inflammatory cytokines, senescent cancer cells could promote the development of

metastasis.

Although cellular senescence has been defined as an irreversible form of cell cycle arrest, in
therapy-induced senescent models the emergence of senescence-escaped cells was reported
by several research groups, challenging the definition of senescence. Besides these reports,
there are other studies demonstrating the emergence of senescent cells that were able to
resume proliferation termed as senescent-like cells, premature, reversible, or incomplete
senescence, leading to a confusion regarding the terminology of senescence-escape
(Chitikova et al., 2014, Maskey et al., 2020, Petrova et al., 2016). As already described, the
limitation of studies about senescence-escape is the lack of confirmation that the population
of escaped cells originated from senescent cells, excluding the possibility that the examined
cell population bypassed the senescent state. To resolve this issue, the senescence models
should be optimised by either generating a relatively homogeneous population of senescent
cells, or by sorting the senescence-induced cells based on a senescence-marker such as
increased granularity or B-galactosidase expression (Alotaibi et al., 2016, Saleh et al., 20193,

Saleh et al., 2019b).

To investigate senescence-escape in MCF-7 and MDA-MB-231 cells we optimised a treatment
strategy to establish different senescence models, in which the expression of several
senescence markers was detected together, and their expression was relatively homogenous
within the senescent cell populations. As described in other studies as well, the senescence-
escaped cells lost their characteristics of senescence, such as cell cycle arrest, altered cell
morphology and SA-B-galactosidase expression (Figure 6.C, Figure 18.A) (ElImore et al., 2005,
Bojko et al., 2020). We demonstrated that during senescence-induction the Ki-67 expression
of BrdU-treated cells gradually decreased, while in senescence-escaped cells the expression
of Ki-67 was increased again, which made the senescence-escaped cells clearly

distinguishable (Figure 4, Figure 5.A-B). For better understanding the cellular processes that
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regulates senescence-escape, the assessment of the ability of cells to escape from senescence
is essential. Generally, the increasing number of cells and the colony formation ability of the
cells are used to indicate and evaluate senescence-escape (Roberson et al., 2005, Yang et al.,
20174, Alotaibi et al., 2016, Was et al., 2018). To establish a more accurate and quantitative
method for the evaluation of senescence-escape, we measured the proportion of Ki-67
expressing cells along with the cell numbers and the number of escaped cell colonies (Figure
5). However, the quantification of escaped cell colonies is only suitable for cell types that are
forming colonies during senescence-escape, such as MCF-7 cells (Figure 5.C, Figure 6.C,
Supplementary Figure 10.B). Using flow cytometry to detect Ki-67 expression facilitates the
guantification of senescence-escape and allows accurate detection even when the number of

senescence-escaped cells are relatively low.

To further investigate the senescence-escaped cell with live-cell based assays, we established
a method to isolate senescence-escaped cells by FACS based on their restored proliferative
capacity using CFSE live-cell staining (Figure 23-24). Although a similar staining method (using
a membrane dye known as Dil) has been used to detect senescence-escape (Was et al., 2017),
in most of the experiments a prolonged incubation time (2-3 weeks) was used to ensure that
the number of senescence-escaped cells greatly outweigh the number of senescent cells

(Elmore et al., 2005, Roberson et al., 2005, Yang et al., 2017a, Was et al., 2018).

The isolation of senescence-escaped cells was tested on the different assays to measure the
stem-cell activity, the proliferative and metastatic capacity of MCF-7 and MDA-MB-231 cells
after senescence-escape (Figure 28). The analysis of mammosphere-formation assay
demonstrated that senescent MCF-7 and MDA-MB-231 cells had a decreased mammosphere-
formation ability compared to the non-senescent cells (Figure 29). These results indicate that
in senescent cells there are either less cancer stem cells, or the cancer stem cells had a
decreased stem cell activity, however, these could only be differentiated by the secondary
generation of mammospheres (Shaw et al., 2012). In senescent MDA-MB-231 cells the stem-
cell activity/quantity and proliferative capacity was decreased less than in senescent MCF-7
cells, indicating that MDA-MB-231 cells are more likely to escape-from senescence (Figure 29,
Figure 31). This is also supported by the assessment of senescence-escape, which
demonstrated that in MDA-MB-231 cells the number of senescence-escaping (Ki-67

expressing) cells started to increase earlier compared to MCF-7 cells (Figure 11.B, Figure 23.B).

124



Although further investigation of stemness markers would be required to assess the effect of

senescence-escape in cancer stem cell activity.

Although different studies described that senescence-escaped cells became more aggressive
and exhibited stem-like features (Achuthan et al., 2011, Milanovic et al., 2018), other studies
found that senescence-escaped cells had a hybrid phenotype, demonstrating an increased
expression of only certain markers of stemness (Was et al., 2018), or did not have an increase
of stemness markers at all (Yang et al., 2017a). According to our results, cell proliferation,
stem cell activity and migration capability were all increased in senescence-escaped cells
compared to senescent cells and restored to similar levels as in parental non-senescent cells
(Figure 29, 30, 31). Interestingly, lliopoulos et al. (2011) demonstrated that in different cancer
cell lines there is a dynamic equilibrium between normal/bulk cancer cells and cancer stem
cells, resulting in a relatively constant proportion of both cell type within the total population
(liopoulos et al., 2011). Altogether, our results indicate that the senescence-escaped cells are
able to form a new population of cells with decreased proliferation, but with a restored

proportion of stem cells, resembling to the parental cell population.

It has been described that senescence-escaped cells had a more invasive phenotype,
reflecting in increased migration and invasion capacity compared to the cells they were
originated from (Jonchere et al., 2015, Yang et al., 2017a). Although MCF-7 cells have a low
metastatic capacity, according to our results the senescence-escaped MCF-7 cells had a
significantly increased migration capacity compared to the parental cells, indicating that
senescence-escape could promote the emergence of a more invasive type of MCF-7 cells
(Figure 30.B). In contrast, the migration ability of senescence-escaped MDA-MB-231 was not
increased (Figure 30.C). Regarding the migration-ability of senescent cells, it was proposed
that senescent cancer cells might invade into the lymphovascular system together with non-
senescent tumour cells, however, the migration and invasion capability of senescent cancer
cells has not been investigated (Kim et al., 2017b). Our results demonstrated that despite
their increased cell size, senescent MCF-7 and MDA-MB-231 cells are able to migrate,
although their migration ability was significantly decreased in comparison with non-senescent

cells (Figure 30).

After identifying therapy-induced senescent cells inside a tumour, it is important to consider
adjuvant therapies for eliminating the tumour derived senescent cells, and thus potentially
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improve the outcome of cancer treatment (Campisi, 2013). Azithromycin was described as a
novel senolytic drug, selectively targeting senescent fibroblast cells, however its effect has
not been tested in senescent cancer cells (Ozsvari et al., 2018). It is a type of macrolide
antibiotic, that is used for the treatment of a wide range of bacterial infections (Southern et
al., 2012). Autophagy inhibition by azithromycin was first reported by Renna et al. (2011),
demonstrating that azithromycin treatment impaired autophagosome degradation by the
inhibition of lysosomal acidification (Renna et al., 2011). Besides azithromycin, other
macrolide antibiotics has been reported to impair autophagic flux, however, azithromycin
appeared to be a more effective autophagy inhibitor compared to the other macrolides
(Moriya et al., 2013, Mukai et al., 2016). Moreover, azithromycin enhanced the cytotoxic
effect of different DNA-damaging drugs and tyrosine kinase inhibitors in cancer cells by
inhibiting lysosomal function and autophagy, that were increased due to the treatment with
DNA-damaging drugs or tyrosine kinase inhibitors (Tanaka et al., 2020, Toriyama et al., 2021).
Although in these studies azithromycin was not considered as a senolytic compound, its
enhancing effect was dependent on wild-type p53 status, indicating that its effect might be

connected to its senolytic activity (Toriyama et al., 2021).

We found that azithromycin treatment selectively decreased the viability of BrdU-, GEM- and
PALBO-induced senescent cells in both MCF-7 and MDA-MB-231 senescence models,
however, it showed a selective effect of PALBO-induced senescent cells only at the
concentration of 100 uM (Figure 12.B, 24.A). This reduced effect of azithromycin treatment
might be connected to the different (reversible) senescence phenotype induced by Palbociclib
treatment. Although azithromycin decreased the viability of non-senescent MCF-7 and MDA-
MB-231 cells as well, it showed no toxicity in normal epithelial and fibroblast cells (Figure
12.C, Supplementary Figure 4.B) (Ozsvari et al., 2018). Comparing the two cell lines, normal
and senescent MCF-7 cells were less sensitive to azithromycin treatment than MDA-MB-231
cells, in which the senescent cells were eliminated after 5 days azithromycin treatment (Figure
12.B, Figure 24.A, Supplementary Figure 5). The increased sensitivity of MDA-MB-231 cells to
azithromycin treatment can be explained by their increased dependence of autophagy
compared to MCF-7 cells, that has been categorised as autophagy-independent cells

(Maycotte et al., 2014). Moreover, MCF-7 cells do not express caspase-3 protein, which has
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an important role in mediating autophagy induced apoptosis, thus they are more resistant to

apoptosis induced by the disruption of autophagy (Devarajan et al., 2002, Wu et al., 2014).

After azithromycin treatment, a population of senescent MCF-7 cells remained alive,
indicating resistance to azithromycin treatment, and in addition, they were able to escape
senescence and continue to proliferate, similarly to the senescent cells that did not receive
azithromycin (Figure 14). The ability of senescent cells to escape after senolytic treatment
was also described in doxorubicin-induced senescent colon cancer cells, where the adjuvant
bafilomycin (autophagy inhibitor) treatment resulted in the appearance of a surviving cell
population, that were able to restore their autophagic activity, and exhibited increased cell
proliferation and increased ability of tumour formation in mice (Was et al.,, 2017).
Furthermore, senescent lung tumour cells treated by Bcl2 inhibitor ABT-737 formed more
colonies than the senescent cells without any additional treatment, indicating that ABT-737

treatment promotes the proliferation of the surviving cells (Yang et al., 2017a).

The mechanism of autophagy inhibition by azithromycin is almost identical to the antimalarial
drug chloroquine, which is well known for its effect to alter the pH of lysosomes, thus
interrupting the fusion of autophagosomes with lysosomes (Ferreira et al., 2021). Chloroquine
has been described to act as a senolytic drug in several in vitro and in vivo studies, moreover,
it was recently reported that hydroxychloroquine treatment decreased the number of
senescence-escaped lung cancer cells after cisplatin treatment (Tsubone TM, 2020, L'Hé6te et
al., 2021, Li et al., 2022, Olszewska et al., 2022). It became a widely used drug to sensitize
cancer cells to therapy, and there are several clinical trials that demonstrated promising
results by examining the effect of autophagy inhibition combined with radio- or
chemotherapies in cancer patients by using eighter chloroquine or hydroxychloroquine (Xu et

al., 2018, Zeh et al., 2020, Ferreira et al., 2021).

Comparing the effect of azithromycin and chloroquine in senescent MCF-7 and MDA-MB-231
cells, we found that chloroquine treatment was more toxic to both normal and senescent
cells, and it was the most effective in the PALBO-induced senescent cells (Figure 13.E, Figure
24.A). This increased effect of chloroquine in PALBO-induced senescent cells might be
connected to the observation, that due to its weakly basic and lipophilic nature Palbociclib
accumulates in lysosomes through a mechanism known as lysosomal-trapping, and therefore
it could contribute to the inhibition of lysosomal acidification caused by the chloroquine
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treatment (Llanos et al.,, 2019). In MCF-7 cells chloroquine treatment showed a lower
selectivity than azithromycin towards senescent cells (Figure 12.B, Figure 13.D). We also
demonstrated that chloroquine treatment increased more the expression of LC3B compared
to the effect of azithromycin, however, the expression of p62/SQSTM1 was more increased
after azithromycin treatment (Figure 13. A-C). The increased LC3B expression, which
represents the increased number of autophagosomes indicates that chloroquine is a more
potent autophagy inhibitor compared to azithromycin, however, azithromycin was more
selective towards senescent MCF-7 cells and less toxic to non-malignant epithelial and

fibroblast cells (Figure 13.B, Supplementary Figure 4.B).

Senescent cells contains impaired mitochondria, which leads to decreased mitochondrial
membrane potential and increased mitochondrial ROS generation, making the senescent cells
more vulnerable to mitochondria-targeted therapies (Chapman et al., 2019). For example,
mitochondria-targeted tamoxifen (MitoTam) eliminated senescent cells in vitro and in vivo
(Hubackova et al., 2019). Because the antibiotic activity of azithromycin is based on its ability
to interfere with bacterial protein synthesis by the inhibition of the 50S subunit of bacterial
ribosome, it can also inhibit the large subunit of mitochondrial ribosome, thus disrupting
mitochondrial activity in cancer cells (Southern et al., 2012, Lamb et al., 2015). Therefore, the
effect of azithromycin on mitochondrial metabolism might contribute to its senolytic activity
(Ozsvari et al., 2018). In fact, the accumulation of p62/SQSTM1 after azithromycin treatment
(Figure 8.A) could be an indicator of increased metabolic stress, based on the observation that
in autophagy-defective tumour cells high expression of p62/SQSTM1 was related to elevated
oxidative stress (Mathew et al., 2009, Lee et al., 2021). Moreover, targeting metabolism in
senescent cells increases their susceptibility to autophagy inhibition, which for example has
been demonstrated by using a mitochondrial inhibitor (oleanolic acid) combined with an
autophagy inhibitor (chloroquine), resulting in increased apoptosis in senescent cancer cells
compared to using chloroquine alone (Dorr et al., 2013, Tsubone TM, 2020). Based on these
observations, azithromycin could be more suitable to use as an adjuvant senolytic treatment

in cancer therapy compared to chloroquine.

Although it has been demonstrated that the expression of DPP4/CD26 increased in senescent
cells, its potential function in cellular senescence is still undetermined. However, several

studies reported that DPP4 inhibition or silencing hinders the induction of senescence in
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epithelial cells, fibroblasts, chondrocytes and in mice, indicating that DPP4/CD26 contributes
to the development of senescence phenotype (Li et al., 2018, Chen et al., 2020, Wang et al.,
2021, Bi et al., 2019). To investigate the function of DPP4/CD26 in MCF-7 and MDA-MB-231
cells, we silenced the expression of DPP4 in both cell lines and treated them with BrdU, GEM
and PALBO to determine the connection of DPP4/CD26 expression to senescence-induction
(Figure 16.A-B, Figure 25.A-B). In contrast with the previously described role of DPP4
expression in senescence induction, DPP4 silencing did not have an effect on senescence-
induction in MCF-7 and MDA-MB-231 cells (Figure 16.D-E, Figure 25.D-E). These results
indicate that although the increased expression of DPP4/CD26 could be a potential marker of

senescence in cancer, it is not essential for the induction of senescence.

To investigate whether the silencing or inhibition of DPP4 has an effect on the process of
senescence-escape we used the methods established before for assessing the senescence-
escaping ability of the cells. Our results demonstrated that DPP4 inhibition and silencing
decreased the appearance of senescence-escaped MCF-7 cells, however, in MDA-MB-231
cells DPP4 inhibition and silencing did not affect (BrdU-induced) or increased (GEM-induced)
senescence-escape (Figure 16-19, Figure 26). These results indicate that DPP4/CD26 could
have a cell-type dependent role in the regulation of senescence-escape, either preventing or
promoting it. This contradictory effect of DPP4 inhibition in cancer has been described in
other studies as well. For example, the inhibition or silencing of DPP4 decreased tumour
development, tumour growth and neoplastic cellular transformation in vitro and in vivo,
moreover, and according to different meta-analysis studies DPP4 inhibition (by alogliptin,
linagliptin, saxagliptin, sitagliptin, and vildagliptin) improved overall survival in colorectal,
prostate and lung cancer patients (Angevin et al., 2017, Bishnoi et al., 2019, Shah et al., 2020,
Inamoto et al., 2006). In contrast, other studies demonstrated that the inhibition of DPP4
increased the metastatic potential and chemotherapy resistance of breast cancer cells in vitro

and in vivo (Yang et al., 2019b, Li et al., 2020).

According to the previously described results, a small number of MCF-7 cells were able to
survive after azithromycin treatment and resumed proliferation by escaping senescence
(Figure 14). Therefore, we targeted these senescence-escaping cells by using sitagliptin, an
inhibitor of DPP4, to potentiate the senolytic effect of azithromycin in MCF-7 cells. Our results

demonstrated a synergistic effect of the combination treatment with azithromycin and
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sitagliptin, resulting in a significant reduction of senescence-escaped cells (Figure 19).
Altogether these results indicate that DPP4 inhibition could improve the effect of senolytics,
by decreasing the senescence-escaping ability of the surviving cells, however, the distinct
role of DPP4 in different types of cancer cells and its role in the inactivation of several
chemokines could limit the application of DPP4 inhibitors in cancer therapy (Yang et al.,,

2019a).
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6. Conclusion

The general aim of the research project was to investigate the characteristics of senescent

cancer cells using in vitro TIS and senescence-escape models, and to investigate potential

markers and treatment strategies, that could be exploited to improve the outcome of cancer

therapies. Based on the research objectives, the project led to the following results:

Optimising, analysing and comparing different in vitro models for therapy-induced
senescence using breast cancer cells

Bromodeoxyuridine (BrdU), gemcitabine (GEM) and palbocicilib (PALBO) induced
senescence in MCF-7 and MDA-MB-231 breast cancer cells through different
mechanism of action

The simultaneous measurement of Ki-67 expression and DAN content (Pl) could be
used to identify cell cycle arrested/senescent cell populations by using flow cytometry
The levels of expression of different senescence-markers in MCF-7 and MDA-MB-231
cells were dependent on the drug used for senescence-induction

IL-6, IL-8 and CXCL12 secretion was highly increased in BrdU- and GEM-induced
senescent MCF-7 cells, but it was not increased in PALBO-induced senescent cells; IL-
6 and IL-8 secretion was significantly increased in senescent MDA-MB-231 cells

The senescence-escaping ability of cancer cells could be evaluated by the
measurement of Ki-67 expression and cell numbers by flow cytometry; and by the
assessment of senescence-escaped colonies stained by crystal-violet staining
PALBO-induced senescent MCF-7 and MDA-MB-231 cells were able to escape from
senescence shortly after the removal of PALBO treatment, resulting an
unstable/transient senescence phenotype

BrdU- and GEM-treatment resulted in a more stable growth arrest/senescence,
however, cells were able to escape from senescence and restart proliferation
Developing a two-hit treatment strategy using azithromycin as a senolytic drug

The senolytic effect of azithromycin was confirmed in senescent MCF-7 and MDA-MB-

231 cells, and its inhibitory effect on autophagy was confirmed in MCF-7 cells
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e Senescent MCF-7 cells were able to escape after azithromycin (AZl) treatment,
however, the senescence-escaping ability of AZI-treated the cells was decreased by
DPP4 inhibition (sitagliptin treatment)
lll.  Investigating the cell surface protein DPP4 (Dipeptidyl peptidase-4; CD26) as a marker
of cellular senescence in cancer and identifying its potential function
e The cell surface expression of DPP4/CD26 was highly increased in senescent MCF-7
and MDA-MB-231 cells, however, its expression was not essential for senescence-
induction
e The silencing or inhibition of DPP4 resulted in decreased senescence-escaping ability
of MCF-7 cells and increased/unchanged senescence-escaping ability of senescent
MDA-MB-231 cells
IV.  Establishing a method to quantify and isolate senescence-escaped cells for further
investigations
e Senescence-escaped cells could be isolated by FACS, using CellTrace CFSE staining for
the identification of proliferating cells
e After senescence-escape, MCF-7 and MDA-MB-231 cells resembled to the parental
(non-senescent) cells in terms of stemness activity and proliferation capacity
e Senescence-escape increased the migration capacity of MCF-7 cells, but not MDA-MB-

231 cells

Altogether, the research project highlighted the importance of detailed characterisation of
senescent cancer cells for the investigation of therapy induced senescence. Our results
suggested that therapy induced senescence in cancer could potentially contribute to cancer
progression and tumour relapse, via the secretion of different cytokines (IL-6, IL-8, CXCL12)
and senescence-escape. Furthermore, the results of the project indicated that senolytic
treatments, such as azithromycin treatment, could improve the outcome of senescence-
inducing cancer therapies, and that DPP4/CD26 could be a promising marker and a novel
target to be exploited in cancer diagnosis and treatment. The established methods for the
evaluation of senescence-escape could contribute to the comprehensive investigation of the
mechanisms of senescence-escape, and to the identification of potential therapeutic targets

for decreasing senescence-escape.
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7. Supplementary figures

Supplementary Figure 1. y-H2AX immunostaining, p16 expression of MCF-7 cells, DAPI
staining of nucleus (increased image size)
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Supplementary Figure 1. (A) Representative images of DNA-damage induction
represented by nuclei staining with DAPI and yH2AX expression. Cells were fixed at
different time points during senescence induction by BrdU- and GEM-treatment, stained
by immunostaining and imaged by EVOS using 20x magnification. Control represents
untreated MCF-7 cells, scale bars indicate 100 um. (B) Representative image of western
blot assay representing the lack of p16 expression in control and BrdU-treated MCF-7 cells.
(C) Representative images of nuclei staining of control and senescent MCF-7 cells. Cells
were fixed and stained with DAPI nuclei stain, imaged by EVOS using 20x magnification,
scale bars indicate 100 um.
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Supplementary Figure 2. Western blot images of DPP4 expression in MCF-7 and MDA-
MB-231 cells
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Supplementary Figure 2. Representative images of western blot analysis of DPP4/CD26
expression in control and senescent MCF-7 (A) and MDA-MB-231 (B) cells.

Supplementary Figure 3. Senescence-escape in BrdU-induced senescent MCF-7 cells
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Supplementary Figure 3. Representative images of the senescence escape of BrdU-
induced senescent cells, imaged at different time points after senescence-induction. Cells
represented by the upper panel were incubated without BrdU, allowing them to escape
from senescence, cells represented by the bottom panel were incubated in the presence
of BrdU treatment, remaining senescent.

+ BrdU
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Supplementary Figure 4. Analysis of LC3B and p62/SQSTM1 expression without signal
area correction
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Supplementary Figure 4. (A) Analysis of LC3B and p62/SQSTM1 expression in control,
BrdU-, GEM- and PALBO-induced senescent cells after azithromycin or chloroquine
treatment. Experiments were repeated three times with two technical replicates. The
graphs represent the relative fluorescent unit (RFU) based on the analysis of fluorescent
signal intensity of 30 cells for each condition (10 cells from each experimental replicates)
measured by Imagel) software. Error bars represent mean * SD.

Supplementary Figure 5. Effect of 3 days and 5 days of azithromycin treatment in MDA-
MB-231 cells
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Supplementary Figure 5. The cell viability of control, BrdU-, GEM- and PALBO-induced
senescent MDA-MB-231 cells was measured by SRB assay after 3 days and 5 days of
treatment with azithromycin. Experiments were repeated three times with six technical
replicates, values were normalised respectively to vehicle-treated (DMSO) control BrdU-,
GEM- and PALBO-induced senescent cells, error bars represent + SEM. Statistical
significance: ns p > 0.05; * p £ 0.05; ** p <0.01; *** p <0.001; **** p <0.0001.

135



Supplementary Figure 6. Cell cycle analysis of MCF-7 and MDA-MB-231 cells - sub-G1

and polyploid cell populations
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Supplementary Figure 6. (A) Representative figures of cell cycle analysis using PI staining.
The gates were adjusted manually to the sub-G1 and polyploid populations. The bar graphs
represent the sub-G1 and polyploid populations in MCF-7 (B-C) and MDA-MB-231 (D-E)
cells. Bar graphs represent the mean of three independent experiments + SEM. Statistical
significance (in relation to control): ns p > 0.05; * p <0.05; ** p <0.01; *** p <0.001; ****
p <0.0001.
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Supplementary Figure 7. Evaluation of senescence-escape in ctrl siRNA and DPP4
SiRNA MCF-7 and MDA-MB-231 cells (representative figures)
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Supplementary Figure 7. Representative figures of evaluating senescence-escape in ctrl
siRNA and DPP4 siRNA MCF-7 (A) and MDA-MB-231 (B) cells, based on Ki-67 expression
measured by flow cytometry. The figures demonstrate the adjustment of gates based on
AB control cells (antibody control, stained only with the secondary antibody), that
represent the background staining. The cells were categorised to Ki-67 negative (blue) and
Ki-67 positive (red) populations. The bar graphs in Figure 12.A and Figure 21.A represents
the Ki-67 positive populations.
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Supplementary Figure 8. Effect of sitagliptin treatment on senescence-escape in MCF-

7 cells — Ki-67 expression and cell numbers
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Supplementary Figure 8. (A) The expression of Ki-67 in MCF-7 cells is represented as the
percentage of positively stained cells compared to the total population. The gates for Ki-
67-positive cells were adjusted by using unstained cells. (B) The cell concentrations were
measured by flow cytometry using the samples from the measurement of Ki-67 expression
represented as count/pl (cell number/ul). The samples were collected with the same
volume, therefore the cell concentration is proportional to the cell numbers of each
sample. Values were normalised to the vehicle-treated cells. Bar graphs represent the
mean of three independent experiments + SEM. Statistical significance (in relation to
control): ns p > 0.05; * p<0.05; ** p<0.01; *** p<0.001; **** p <0.0001.
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Supplementary Figure 9. Effect of AZI+SITA on senescence-escape in MCF-7 cells — Ki-

67 expression and cell numbers
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Supplementary Figure 9. (A) The expression of Ki-67 in MCF-7 cells is represented as the
percentage of positively stained cells compared to the total population. The gates for Ki-
67-positive cells were adjusted by using unstained cells. (B) The cell concentrations were
measured by flow cytometry using the samples from the measurement of Ki-67 expression
represented as count/pl (cell number/ul). The samples were collected with the same
volume, therefore the cell concentration is proportional to the cell numbers of each
sample. Values were normalised to the vehicle-treated cells. (C) The senescence-escaping
ability of the cells are assessed by the combination of Ki-67 expression and cell
concentration represented as the number of Ki-67 positive cells. Values were normalised
to the vehicle treated (DMSO) cells. Bar graphs represent the mean of three independent
experiments + SEM. Statistical significance (in relation to control): ns p > 0.05; * p < 0.05;
**p<0.01; *** p<0.001; **** p <0.0001.
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Supplementary Figure 10. Effect of SITA on control MCF-7 cells, and senescence-
escape of MDA-MB-231 cells — crystal violet staining
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Supplementary Figure 10. (A) Representative images of the colony formation of non-
senescent MCF-7 cells after sitagliptin treatment. Cells were seeded with 1x103 cells/well
(in 24-well plate), incubated for 10 days with sitagliptin treatment and stained with crystal
violet. (B) Representative images of senescence-escaped BrdU- and GEM-treated MDA-
MB-231 cells. Cells were stained with crystal violet, imaged by EVOS using 4x
magnification, scale bars indicate 1000 um.
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Supplementary Figure 11. Gating strategies for the isolation of senescence-escaped

cells by FACS
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Supplementary Figure 11. Representative figures of the gating strategies for the isolation
of senescence-escaped cells by FACS using CFSE staining. The gates were adjusted
manually based on the CFSE signal of BrdU- and GEM-induced senescent cells. Control
(non-senescent) MCF-7 and MDA-MB-231 cells were not sorted to different categories,
thus the total cell population was gated. Cells with low expression of CFSE (magenta) was
considered as senescence-escaped cells and cells with high expression of CFSE (green) was
considered as senescent cells. The cells represented in the middle part of the histogram
(blue) of CFSE-signal were not included in the sorting. Figures were generated by the
software of Sony cell sorter.
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Supplementary Figure 12. SA-B-gal and CD26 expression in BrdU-treated CAMA-1,
MDA-MB-468 and T47D cells

A
CAMA-1 MDA-MB-468 T47D
350% - 200% - 300% -
300% -
160% 250% -
250% -
o 200% -
< 200% ®120% ¥
Ey = @ 150% T
= 150% 1 A 80% =
S 100% s s 100% 7
s0% 4 40% 50% -
0% - 0% 0% -
Ctrl BrdU Ctrl BrdU Ctrl BrdU
B
CAMA-1 MDA-MB-468 T47D
250% - 500% - 350% -
200% 200% 300% 7
. 2 " 250%
v 150% © 300% ' 200%
(] [a] e
[} =] o
= 100% T 200% = 150%
= = =
100%
50% 100%
50%
0% 0% 0%
Ctrl BrduU Ctrl BrdU Ctrl BrdU

Supplementary Figure 12. (A-B) CAMA-1, MDA-MB-468 and T47D breast cancer cells were
treated with 5 uM BrdU for 7 days. The expression of SA-B-galactosidase (A) and CD26 (B)
in control and BrdU-treated cells was measured by flow cytometry. The SA-B-galactosidase
and CD26 expression is represented as mean fluorescence intensity (MFI) of FDG and
CD26-PE staining measured separately by flow cytometry, values were normalised to the
MFI of non-senescent cells. Bar graphs represent the mean of three independent
experiments = SEM.
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Supplementary Figure 13. MACS sorting of MCF-7 cells
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Supplementary Figure 13. (A) Schematic figure representing the workflow of magnetic-
activated cell sorting (MACS) using MCF-7 cells stained by CD26-PE staining. (B, D)
Representative images of the eluted and sorted (MACS) BrdU-induced (B) and GEM-
induced (D) senescent MCF-7 cells, cells were stained with CD26-PE, imaged by EVOS using
10x magnification. (C, E) Analysis of sorting efficiency by flow cytometry. Figure represents
the shift in CD26-PE signal intensity of BrdU-induced (C) and GEM-induced (E) senescent
cells before and after sorting (MACS) compared with the non-senescent cells. The graph
represents mean fluorescence intensity (MFI) of CD26-PE staining measured by flow
cytometry, values were normalised to the MFI of non-senescent cells (ctrl) represented as
fold change. Bar graphs represent the mean of three independent experiments + SEM.
Statistical significance (in relation to control): ns p > 0.05; * p < 0.05; ** p <0.01; *** p <
0.001; **** p <0.0001.

Supplementary Figure 14. SA-B-gal and Ki-67 expression of MACS sorted MCF-7 cells
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Supplementary Figure 14. (A) Graph represents the expression of SA-B-galactosidase in
control and BrdU-induced senescent sorted (MACS) and eluted cells measured by flow
cytometry. The SA-B-galactosidase expression is represented as mean fluorescence
intensity (MFI) of FDG, values were normalised to the MFI of non-senescent (ctrl) cells. (B)
The expression of Ki-67 is represented as the percentage of positively stained cells
compared to the total population. The gates for Ki-67-positive cells were adjusted by using
unstained cells. BrdU sen: BrdU-induced senescent cells, BrdU esc: BrdU-treated
senescence escaped cells. Bar graphs represent the mean of three independent
experiments + SEM. Statistical significance (in relation to control): ns p > 0.05; * p < 0.05;
**p<0.01; *** p<0.001; **** p <0.0001.
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8. Supplementary methods

8.1. Cell lines and cell culturing

CAMA-1, MDA-MB-468 and T47D human breast cancer cell lines were obtained commercially
from the ATCC, and maintained in Dulbecco’s Modified Eagle Medium, High glucose (DMEM,
Sigma) supplemented with 10% Heat Inactivated (HI) FBS (Gibco), 1% Glutamax (100X, Gibco),
and 1% Penicillin-Streptomycin (Gibco) in a humidified incubator at 37°C and 5% CO,. To seed
the cells for experiments, culture medium was removed, cells were washed with sterile
phosphate buffered saline (1X PBS, Gibco) and detached with Trypsin-EDTA solution (Sigma).
Cells were collected by centrifugation (1200 RPM, 5 minutes) and resuspended in culture
medium. Cell numbers were counted by BioRad TC20 Automated Cell Counter using 0.4%(v/v)

Trypan Blue staining (Gibco) to exclude dead cells from cell counting.

8.2. Magnetic-activated cell sorting (MACS)

For separating cells based on DPP4/CD26 expression, the MACS® Cell Separation technology
was used (Miltenyi Biotec). MCF-7 cells were labelled with CD26-PE antibody diluted 1:50 in
sterile 1% BSA solution following the protocol described in the materials and methods section
(CD26 staining). After, cells were washed with 1 ml PBS, centrifuged (5 minutes, 1200 RPM,
at 6 °C) and resuspended in 80 pl of sterile 1% BSA solution. Then, 20 ul of Anti-PE MicroBeads
(Miltenyi Biotec) was added to the cells, mixed and incubated for 15 minutes on ice in dark.
Cells were washed and resuspended in 500 pl of sterile 1% BSA solution. The magnetically
labelled cells were loaded into the LS MACS Column (Miltenyi Biotec) and the cells with
low/no expression of DPP4/CD26 were collected by washing the column three times with 3
ml sterile 1% BSA solution. Cells with high expression of DPP4/CD26 remained in the column
and were eluted using 5 ml sterile 1% BSA solution. After separation, cells were analysed with
Attune NxT Flow Cytometer or centrifuged, resuspended in cell culture medium and seeded

in T25 flasks or 6-well plates for further experiments.
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